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RESUMEN Y OBJETIVOS 
 
 El desarrollo de nueva y más estricta legislación en materia de tratamiento de 
residuos hace necesaria la utilización y mejora de tecnologías no convencionales que 
eviten los problemas ambientales asociados a las técnicas de gestión tradicionales, tales 
como la deposición en vertedero. Los residuos agroindustriales presentan, en la mayoría de 
los casos, una elevada carga orgánica, provocando impactos ambientales tales como malos 
olores, generación de gases de efecto invernadero, percolación de lixiviados, etc., por lo 
que deben de ser tratados adecuadamente. 
La biometanización de residuos orgánicos del sector agrícola e industrial permite 
tratar, de manera individual o conjunta, dichos residuos, con la ventaja adicional de reducir 
su contenido en materia orgánica, transformándola principalmente en metano, que es un 
compuesto de elevado poder calorífico cuya combustión no contribuye al efecto 
invernadero cuando procede de recursos renovables. El rendimiento en la producción de 
metano y/o la estabilidad de dicho tratamiento microbiológico pueden ser mejorados 
mediante la aplicación de diferentes pre-tratamientos o tratando conjuntamente varios 
sustratos biodegradables en un mismo sistema, debido al aumento de la biodiversidad en 
los digestores anaerobios, la dilución de inhibidores presentes en los sustratos y/o el aporte 
de nutrientes adicionales. 
En el área de Huelva se concentra la mayor parte de la producción de fresa en 
España, de la que el 21% se destina a la elaboración de productos secundarios, 
generándose un extrusionado de fresa residual que alcanza el 7 %, en peso, de la fresa 
manufacturada. Así mismo, otras actividades económicas generadoras de residuos, 
implantadas en el mismo área, son la manufactura de pescado y la fabricación de biodiesel, 




que generan despojos de pescado (hasta el 50% del peso de pescado manufacturado) y 
glicerol residual (100 kg por cada tonelada de biodiesel obtenido), respectivamente. El 
primer objetivo de esta Tesis Doctoral, presentada en formato de compendio de 
publicaciones, ha sido la evaluación de la viabilidad de un sistema de gestión centralizado 
para el reciclado, mediante digestión anaerobia, de extrusionado de fresa residual, residuos 
de pescado y glicerina residual.  
Concretamente se han llevado a cabo distintos ensayos, a escala de laboratorio, para 
determinar la biodegradabilidad y el coeficiente de producción de metano a partir de los 
residuos de forma individual o combinada (co-digestión). La obtención de los datos de 
producción de metano en función del tiempo ha permitido, además, estudiar las 
condiciones operacionales más adecuadas para que el proceso de digestión anaerobia 
transcurra de forma estable.  
En primer lugar, se ha realizado un estudio comparativo de la biometanización del 
extrusionado de fresa con y sin un pre-tratamiento de cribado, seguido de la evaluación de 
la co-digestión de dicho sustrato con residuos de pescado a distintas proporciones (80:20, 
90:10 y 95:5, en DQO, de extrusionado de fresa residual y residuos de pescado, 
respectivamente). Adicionalmente, se ha estudiado la co-digestión de glicerol residual, 
extrusionado de fresa residual y residuos de pescado en una proporción 50:45:5, en DQO, 
respectivamente. 
Los resultados obtenidos han permitido determinar las mezclas y proporciones entre 
los residuos más adecuadas, así como confirmar la necesidad de llevar a cabo un pre-
tratamiento físico de cribado en el caso del extrusionado de fresa. Estos estudios pueden 
considerarse de especial importancia debido a que, hasta la fecha, no existen 
investigaciones previas sobre la biometanización de residuos de fresa, de forma individual 
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o mediante co-digestión, descritas en bibliografía. Además, la aplicabilidad del tratamiento 
propuesto ha quedado demostrada mediante la elaboración de un balance económico, que 
muestra la posibilidad de alcanzar un ahorro neto de hasta 25,5-42,1 €/t de residuo tratado, 
respecto al coste de su deposición en vertedero.  
No obstante, debido a que la implantación de nuevos sistemas de tratamiento 
centralizado conllevaría una inversión importante que dificulta su aceptación por parte del 
sector industrial, un segundo objetivo de esta Tesis Doctoral se ha centrado en evaluar la 
viabilidad de la utilización de sistemas de biometanización de lodo, ya existentes en las 
plantas depuradoras de aguas residuales urbanas, para procesos de co-digestión con 
residuos agroindustriales. Además, el tratamiento del lodo de depuradora es otro de los 
grandes problemas en la gestión de residuos de la sociedad actual, ya que los métodos de 
tratamiento están cada vez más limitados por la legislación. Así mismo, aunque la 
digestión anaerobia se ha propuesto como una de las tecnologías viables para su gestión, 
ésta presenta un bajo rendimiento y biodegradabilidad debido a las características del 
propio residuo. 
En concreto, se ha estudiado la co-digestión de lodo de depuradora con 
extrusionado de fresa residual, de manera que el tratamiento conjunto permita obtener una 
mejora respecto al tratamiento individual del lodo, a la vez que la gestión conjunta 
reduciría la inversión necesaria. Los resultados han mostrado que la adición de 
extrusionado de fresa mejora la eficacia del proceso de biometanización, incrementándose 
la biodegradabilidad del sustrato, permitiendo la dilución de compuestos inhibidores 
presentes en el lodo (nitrógeno y metales pesados, principalmente) y alcanzándose un 
rendimiento en metano de 176 NmL/g SV.  




Finalmente, otro objetivo de este trabajo ha sido el estudio de la mejora de la 
biometanización de lodo de depuradora mediante la combinación de un pre-tratamiento 
térmico y su co-digestión con extrusionado de fresa residual. Debido a que la hidrólisis 
suele ser la fase limitante en la velocidad de degradación anaerobia de los residuos sólidos 
orgánicos, se ha estudiado el efecto de la aplicación de un pre-tratamiento térmico (120 ºC, 
2 atm) sobre ambos residuos a tiempos variables. Para ello se ha evaluado el porcentaje de 
solubilización, cuantificado a través la relación entre materia soluble y total. Los resultados 
obtenidos han mostrado que el porcentaje de solubilización, tras 15 minutos de exposición, 
ha aumentado significativamente en el caso del lodo, aunque no en el extrusionado de 
fresa. Posteriormente se ha llevado a cabo un ensayo de biometanización para comparar la 
digestión individual de los residuos con y sin pre-tratamiento, observándose que una mayor 
solubilización implica un mayor incremento en el rendimiento en metano. Adicionalmente, 
la combinación de la co-digestión de ambos residuos con el pre-tratamiento térmico del 
lodo ha conllevado una sinergia en la producción de metano (237 NmL/g SV), respecto a 
los tratamientos individuales y al proceso de co-digestión sin pre-tratamiento. Este estudio 
es de especial relevancia puesto que la evaluación del efecto combinado de pre-
tratamientos térmicos y procesos de co-digestión está escasamente descrita en bibliografía. 
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ABSTRACT AND AIMS 
 
The implementation of new and increasingly stringent legislation on waste treatment has 
led to the utilization and improvement of non-conventional technology to avoid the 
environmental impacts associated to some traditional management technics, such as 
landfill disposal. In most cases, agro-industrial wastes contain high organic load, which 
might cause environmental problems like unpleasant smells, uncontrolled production of 
global warming gas, percolation of lixiviates, etc. Consequently, agro-industrial waste must 
be treated adequately. 
The biomethanization or anaerobic digestion of organic wastes derived from the 
agricultural and industrial sector allows treating these wastes, individually or jointly, with 
the additional advantage of minimizing their organic matter content through its 
transformation into methane. Methane is a gas with high calorific value, whose combustion 
does not contribute to the global warming if methane derives from renewable sources. The 
methane yield and/or the stability of biomethanization, which is a microbial process, might 
be improved by the application of different pre-treatments or by the joint treatment of 
several biodegradable substrates in a centralized system. These procedures might increase 
the biodiversity inside the anaerobic digesters, dilute some inhibitory compounds 
contained in the substrates and/or facilitate the availability of additional nutrients.  
With regard to strawberry waste, the main part of the strawberry production in Spain is 
concentrated in the province of Huelva. Approximately, 21% of the production is used for 
the production of secondary products, which leads to the generation of residual strawberry 
extrudate (around 7%, in wet weight, of the manufactured strawberry). Furthermore, other 
economic activities that generate waste in the same area are involved in the manufacture of 
fish (canning industry) and biodiesel production. These activities generate fish waste (up to 




50%, in weight, of the processed fish) and residual glycerol (the production of 1 ton of 
biodiesel yields 100 kg of impure glycerol), respectively. The first purpose of this PhD 
Thesis, which is presented as compendium of publications, is to evaluate the viability of 
recycling residual strawberry extrudate, fish waste and residual glycerol in a centralized 
biomethanization system. Specifically, different assays were carried out at laboratory-scale 
to determine the biodegradability of each waste treated individually and treated in 
combination with others (co-digestion), as well as to quantify the methane yield coefficient 
in both cases. Additionally, the study of the kinetics of methane production also allows the 
most favorable operational conditions for stable biomethanization to be determined. 
Firstly, a comparative study of the biomethanization of strawberry extrudate before and 
after carrying out a sieving pre-treatment was conducted. Subsequently, the co-digestion of 
this substrate with fish waste mixed at different proportions (80:20, 90:10 and 95:5, in 
COD, of residual strawberry extrudate and fish waste, respectively) was evaluated. The co-
digestion of residual glycerol, residual strawberry extrudate and fish waste at a proportion 
of 50:45:5, in COD, respectively, was also studied. 
The results obtained allow identifying the most adequate wastes to be mixed, as well as the 
mixing ratio. The need for carrying out a physical pre-treatment of the strawberry extrudate 
has been also demonstrated. Moreover, the applicability of the proposed treatment has been 
evaluated through an economic assessment which shows that it is possible to achieve a net 
saving of 25.5-42.1 €/ttreated waste in comparison with the cost of landfill disposal. This 
research study can be considered of special interest as to date there are not previous 
research studies related to the biomethanization of strawberry waste, individually or 
through co-digestion, reported in the literature. 
Nevertheless, given that the implementation of new centralized management systems 
entails a significant investment that might hinder its acceptance by the industrial sector, a 
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second aim of this PhD Thesis is to evaluate the viability of using anaerobic digesters 
treating sewage sludge (derived from wastewater treatment plants) for the co-digestion 
with other agro-industrial wastes. The treatment of sewage sludge is one of the most 
problematic issues within waste management given that the available methods in this field 
are being markedly stringed by the current legislation. Furthermore, although 
biomethanization has been proposed as an interesting alternative, low methane production 
and poor biodegradability are reached due to the characteristics of sewage sludge. 
Specifically, the co-digestion of sewage sludge with residual strawberry extrudate was 
evaluated. The joint treatment improves the efficiency of the process in comparison with 
the individual biomethanization of sewage sludge, as well as allows the minimization of 
the initial investment. The results achieved show that the addition of strawberry extrudate 
enhances the biodegradability of the waste, dilutes inhibitors contained in sewage sludge 
(nitrogen and heavy metals, mainly) and increases the methane yield coefficient (176 
mLSTP/g VS). 
Finally, another aim of this research study is to evaluate the improvement of the anaerobic 
digestion of sewage sludge by the combination of a thermal pre-treatment and co-digestion 
with residual strawberry extrudate. Given that hydrolysis is usually the rate-limiting step in 
the biomethanization of organic solid waste, the effect of different thermal pre-treatment 
times (at 120 ºC and 2 atm) in sewage sludge and strawberry extrudate has been studied. 
This effect was evaluated through the determination of the solubilization percentage, which 
was defined as the ratio between soluble matter and total matter. The results achieved show 
that the solubilization percentage after 15 min of pre-treatment increased markedly in 
sewage sludge, but not in strawberry extrudate. Subsequently, a biomethanization test was 
carried out to compare the single treatment of both wastes before and after pre-treatment. 
The results show that higher solubilization leads to a higher improvement in the methane 




yield. Likewise, the anaerobic co-digestion of strawberry extrudate and pre-treated sewage 
sludge entails a synergy in the methane production (237 mLSTP/g VS), if compared to the 
individual treatments and the co-digestion without pre-treatment. This study might be 
considered of special interest given that the evaluation of the combined effect of the 





















2.1 DEFINICIÓN DE RESIDUO Y MARCO NORMATIVO 
Uno de los principales problemas de la sociedad actual es la generación de grandes 
volúmenes de residuos, con el consiguiente riesgo para el medio ambiente y la salud 
pública. Según la Directiva 2008/98/CE del Parlamento Europeo y del Consejo sobre los 
residuos se entiende por residuo “cualquier sustancia u objeto del cual su poseedor se 
desprenda o tenga la intención o la obligación de desprenderse”.  
La gestión y el tratamiento de los residuos están regulados normativamente a todos 
los niveles institucionales. En el área de estudio existen tres poderes legislativos ordinarios 
en el ámbito de la gestión de residuos: el comunitario, el estatal y el autonómico. De 
acuerdo al concepto de jerarquía legislativa, las leyes estatales deben de recoger y aplicar 
las normativas establecidas por la Unión Europea a través de distintas Directivas Marco, 
que son de obligado cumplimiento para todos los países miembros. Dichas leyes estatales 
podrán desarrollar la normativa e incluso aumentar los niveles de restricciones establecidas 
por Europa. En España la gestión de residuos está directamente regulada por la legislación 
autonómica, que también debe de recoger los supuestos establecidos por la legislación 
comunitaria y estatal. 
A nivel europeo existen distintas Directivas referentes a la gestión de residuos. 
Entre las más relevantes destacan la Directiva 1999/31/CE, 26 de abril, dirigida a limitar el 
vertido de determinados residuos, o la Directiva 2008/98/CE del Parlamento Europeo y del 
Consejo, de 19 de noviembre de 2008, sobre los residuos y por la que se derogan las 
Directivas 75/439/CEE, 91/689/CEE y 2006/12/CE, que detalla la política europea en 
materia de gestión y tratamiento de residuos. Así mismo, el Marco Normativo a nivel 




comunitario se revisa y amplía de manera continua, de modo que el nivel de protección 
ambiental se incremente de acuerdo a la mayor concienciación social y a la mejora de las 
tecnologías disponibles. En este sentido destaca el nuevo borrador sobre lodo y bioresiduos 
para revisar la Directiva 86/278/EEC relativa a la protección del medio ambiente y, en 
particular, de los suelos, en la utilización de los lodos de depuradora en agricultura.  
A nivel estatal se recogen dichas Directivas para su aplicación en cada estado 
miembro, siendo de especial relevancia en España la Ley 10/1998, del 21 de Abril, de 
Residuos, posteriormente sustituida por la Ley 22/2011, de 28 de julio, de residuos y 
suelos contaminados, así como el Plan Nacional Integrado de Residuos (PNIR) 2008-2015.  
En el caso de Huelva, en el suroeste de España, y área objeto de estudio de esta 
Tesis Doctoral, la gestión de residuos es competencia de la Junta de Andalucía, por lo que 
es la legislación autonómica la que se aplica en este ámbito. 
 En 1999 la Junta de Andalucía, cumpliendo con el Decreto 183/1995, de 21 de 
noviembre, por el que se aprueba el Reglamento de Residuos de Andalucía, impulsó la 
planificación de la gestión de residuos urbanos con objetivos renovados. Se concretó con la 
aprobación del Decreto 218/199, de 26 de octubre, por el cual se aprobó el Plan Director 
Territorial de Gestión de Residuos Urbanos de Andalucía (PDTGRUA) para el período 
1999-2008. En el mismo se fijan los objetivos a alcanzar en el período de vigencia y para 
ello se proponen cinco etapas básicas, entre las cuales no se incluye la valorización 
energética: 
1. Construcción de infraestructura básica. 
2. Clausura y recuperación de vertederos incontrolados. 
3. Separación de residuos domésticos especiales. 
4. Recogida selectiva de papel-cartón y vidrio. 




5. Compostaje de la fracción orgánica. 
 Sobre dicha base, se ha redactado el “Plan Director Territorial de Gestión de 
Residuos No Peligrosos de Andalucía 2010-2019” con el que se pretende orientar la 
gestión de residuos no peligrosos hasta el año 2019, adaptándola a las tendencias más 
actualizadas en relación con la prevención en la generación y a una gestión sostenible de 
residuos. Dicho plan constituye el marco que deberá regir la política en materia de residuos 
no peligrosos en Andalucía hasta el año 2019. 
 Para el desarrollo del Plan se han tenido en cuenta, por un lado, las estrategias 
establecidas por la UE para integrar el desarrollo socioeconómico con la conservación del 
medio ambiente, así como la normativa vigente en materia de residuos en los ámbitos 
europeo, estatal y autonómico; y por otro, la situación real de los residuos no peligrosos en 
Andalucía. El Plan aborda la generación y gestión de los siguientes residuos: 
1. Los clasificados por la Ley 10/98, de 21 de abril, de residuos como aquellos residuos 
“generados en los domicilios particulares, comercios, oficinas y servicios, así como 
todos aquellos que no tengan la clasificación de peligrosos y que, por su naturaleza o 
composición, puedan asimilarse a los producidos en los anteriores lugares o 
actividades”. También considera residuos urbanos los siguientes: 
 Residuos procedentes de la limpieza de vías públicas, zonas verdes, áreas 
recreativas y playas. 
 Animales domésticos muertos, así como muebles, enseres y vehículos 
abandonados. 
 Residuos y escombros procedentes de obras menores de construcción y reparación 
domiciliaria.  




2. Los residuos no peligrosos que se generan en un proceso de fabricación, 
transformación, utilización, consumo, limpieza o mantenimiento de una instalación, 
industria o actividad, cuya gestión no compete a los entes locales. 
Dentro de los grupos anteriores, se distinguen en el presente Plan los siguientes residuos: 
 Residuos de envases. 
 Residuos biodegradables. 
 Residuos industriales no peligrosos (RINP). 
 Neumáticos fuera de uso (NFU). 
 Residuos de aparatos eléctricos y electrónicos (RAEE). 
 Residuos agrícolas no peligrosos (RANP). 
 Residuos de construcción y demolición (RCD). 
 Lodos de estaciones depuradoras de aguas residuales (LD). 
 Pilas y acumuladores que no contienen sustancias peligrosas. 
 Por tanto, los residuos objeto de estudio en esta Tesis Doctoral se englobarían 
dentro las categorías de residuos agrícolas no peligrosos (extrusionado de fresa residual), 
residuos industriales no peligrosos (despojos de la manufactura de melva y glicerol 
residual derivado de la fabricación de biodiesel) y lodos de estaciones depuradoras de 
aguas residuales. 
 Una de las novedades que se destacan en el Plan es la consideración de la 
valorización como medida para la reducción y tratamiento de los residuos. En el apartado 
de principios rectores se consideran como prioritarias las acciones de prevención, junto con 
las actuaciones e infraestructuras encaminadas al reciclaje, la valorización material y el 
aprovechamiento energético y, finalmente, las operaciones de vertido para aquellos 
residuos que no tengan otras posibilidades de aprovechamiento. 




Actualmente, dentro de los distintos residuos, sólo cobran especial atención 
aquellos de mayor valor añadido (indistintamente del volumen generado). La problemática 
de los residuos no peligrosos de origen industrial constituye uno de los problemas 
ambientales que mayor esfuerzo requiere por parte de las empresas y de las 
administraciones públicas. En general, los generados en grandes empresas son gestionados 
de forma adecuada, mientras que otras categorías de residuos, sobre todo los procedentes 
de la pequeña y mediana empresa, acaban en su mayoría en los vertederos sin 
aprovechamiento alguno.  
En España el sector industrial generó 50,6 millones de toneladas de residuos en 
2010, lo que representa un incremento próximo al 20 % respecto al año anterior, aunque un 
valor inferior a los generados entre los años 2000 y 2007, años previos a la crisis 
económica, donde el volumen era cercano a los 60 millones de toneladas/año (INE, 2014).  
Los residuos generados en esta anualidad se clasificaron principalmente como no 
peligrosos (49,2 millones de toneladas), mientras que 1,4 millones de toneladas se 
clasificaron como residuos peligrosos de acuerdo a la normativa comunitaria. En la Tabla 
2.1.1 se detalla la tipología y cuantía de los residuos generados en España en 2010, 
clasificados en función de la industria productora y su peligrosidad (INE, 2014). En 
términos porcentuales, las industrias extractiva y manufacturera fueron los mayores 
generadores de residuos, con un 47,3 % y un 24,6 % del total, respectivamente. Respecto al 
sector de la Alimentación, bebidas y tabaco, fueron los responsables del 6,3 % de la 
generación total de residuos no peligrosos y del 0,9 % con respecto al total de residuos 
peligrosos.  
Es destacable que la escasez de infraestructuras en los polígonos industriales de 
puntos limpios, zonas de acopio, etc., con una capacidad adecuada a los volúmenes 




generados en la propia industria, dificulta la segregación de los distintos tipos de residuos, 
en detrimento de su gestión posterior. En este contexto, la saturación de vertederos hace 
necesaria la búsqueda de nuevas alternativas de gestión y tratamiento, ya que estos 
presentan una capacidad de almacenamiento limitada. Adicionalmente, la deposición de 
residuos en vertedero presenta la problemática del rechazo social por parte de los 
habitantes de la zona, así como los impactos ambientales derivados, tales como emisión de 
olores desagradables, la generación de lixiviados de alto potencial contaminante o riesgos 
para la salud humana (Ayalon et al., 2001), además del efecto negativo sobre el paisaje. 
 
 









Actualmente, tal y como recoge la Directiva Marco de Residuos 2008/98/CE, los 
Estados miembros de la Unión Europea deben apoyar el uso de reciclados, priorizando las 
actuaciones en consonancia con la jerarquía de prevención, reutilización, reciclado, 
valorización y eliminación. Así mismo, y con el objetivo de alcanzar una sociedad basada 
en el reciclado, no se debe fomentar el vertido o la incineración de dichos residuos, 
siempre que sea posible. Adicionalmente, la Directiva comunitaria relativa al vertido de 
residuos (1999/31/CE) y la relativa a los residuos (2006/12/CE), establecen la necesidad de 
reducir y eliminar a medio plazo el vertido de materia orgánica en los vertederos, mediante 
el empleo de tratamientos que permitan su valorización, siendo simultáneamente 
respetuosos con el medio ambiente y compatibles con estrategias de separación en origen y 
reciclaje de la máxima cantidad de materiales que sea posible. Concretamente, la Unión 
Europea ha marcado el objetivo de reducir la cantidad de residuos depositados en vertedero 
en un 35 % en 2020 y hasta un 50 % en 2050, respecto al año 2000 (Lundin et al., 2004). 
Según datos del Instituto Nacional de Estadística (2014), en el año 2010 el 44 % de 
los residuos generados en las actividades industriales se depositaron en vertedero sin 
aprovechamiento alguno, si bien un porcentaje similar (el 47%) se gestionó mediante 
procesos de recuperación. El resto de residuos se gestionaron mediante alternativas 
minoritarias tales como su empleo en operaciones de relleno (6%) o incineración (3%). Las 
estrategias de gestión más novedosas, como la valorización energética, no se encuentran 
tan extendidas como sería deseable (Plan Director Territorial de Gestión de Residuos no 
Peligrosos de Andalucía 2010-2019). De hecho, en dicho Plan se enfatiza la necesidad del 
desarrollo e implantación de estas nuevas estrategias para alcanzar los objetivos de 
reducción de residuos y la mejora en su gestión, citándose como una de las medidas a 
desarrollar “el impulso de la investigación y el desarrollo de tecnologías tendentes al 
reciclado y valorización de residuos no peligrosos y a todas aquellas iniciativas que eviten 




la eliminación de los residuos mediante depósito en vertederos”. La Tabla 2.1.2 se muestra 
el número de instalaciones existentes en Andalucía para la gestión de residuos industriales 
no peligrosos antes de la implantación del Plan Director Territorial de Gestión de Residuos 
no Peligrosos de Andalucía 2010-2019. 
Tabla 2.1.2 Tecnologías de gestión de RINP en Andalucía. 
Aplicación en suelos (residuos de azucarera) 8 empresas 
Recuperación y clasificación 57 instalaciones 
Reciclaje 5 instalaciones 
Compostaje 10 instalaciones 
Producción de combustibles sólidos recuperados 1 instalación 
Valorización energética 
 
4 plantas (cementeras) 
 
Depósito en vertedero 
4 vertederos de RINP 
7 vertederos de apoyo a plantas de 
reciclaje y compostaje 
3 vertederos de cenizas de centrales 
térmicas 
Fuente: Plan Director Territorial de Gestión de Residuos no Peligrosos de Andalucía 2010-2019. 
  
No obstante, la implantación de estrategias de reciclado y valorización conlleva una 
inversión que en el caso de empresas de pequeño o mediano tamaño puede no ser 
asumible. Los costes del compostaje y de la digestión anaerobia, ambos procesos de 
reciclaje según la Ley 22/2011, de 28 de julio, de residuos y suelos contaminados, pueden 
alcanzar 370 y 520 €/tonelada de residuo, respectivamente (Composting Council of 
Canada, 2014). En el caso de la digestión anaerobia, se requiere un flujo relativamente 
constante de residuos para mantener activos los procesos microbiológicos en los que se 




basa, de modo que en el caso de empresas con funcionamiento estacional, o con picos de 
producción, la gestión de los residuos en la propia planta sería complicada.  
Una posibilidad para mejorar la viabilidad económica de los procesos de reciclaje 
de residuos son los sistemas de gestión centralizados. En estos casos una única instalación 
gestionaría los residuos generados por diferentes empresas situadas en una misma área, de 
modo que los costes de inversión iniciales asumidos por cada empresa serían menores. 
Además, las variaciones en los flujos de producción de los residuos generados podrían ser 
absorbidas por un sistema de mayor tamaño sin comprometer el funcionamiento del 
sistema. Es importante resaltar que un factor limitante es que la distancia entre las distintas 
empresas generadoras de residuos sea pequeña o, al menos, lo sea la distancia a la planta 
de tratamiento puesto que los costes de transporte podrían comprometer la viabilidad 
económica del sistema de gestión centralizado. 
 En los casos en que la situación de un área no permita la implantación de un nuevo 
sistema de reciclaje, una opción sería adaptar los sistemas existentes para la gestión de 
residuos distintos a los que inicialmente se consideró en su diseño. Un ejemplo son los 
sistemas de digestión anaerobia empleados en las plantas de tratamiento de aguas 
residuales para la estabilización de los lodos generados en exceso durante el proceso de 
depuración. Estos digestores pueden utilizarse para llevar a cabo la co-digestión de los 
lodos junto con los residuos agro-industriales generados en el área (siempre que estos sean 
biodegradables), con los consiguientes beneficios tanto económicos como ambientales.  
 Pero además, los procesos de co-digestión presentan ventajas respecto a la digestión 
individual de residuos más allá del aspecto económico, social o ambiental. La adición de 
varios co-substratos puede diluir los inhibidores presentes en los residuos, evitando la 
desestabilización del sistema o evitando la necesidad de aplicación de pre-tratamientos 




para su eliminación. Además, los microorganismos involucrados en el propio proceso de 
biometanización presentan unos requerimientos de nutrientes que deben suministrarse en 
unas proporciones adecuadas, pudiendo ajustarse dicho balance a los requerimientos 
ideales mediante la elaboración de mezclas de residuos. Este proceso, además, evita o 
reduce el coste que supondría adicionar nutrientes complementarios al digestor. Por último, 
los procesos de co-digestión mejoran la estabilidad global del sistema, puesto que conlleva 
un aumento de la diversidad de microorganismos en el digestor (Chen et al., 2008).  
No obstante, con anterioridad al tratamiento conjunto de residuos, es necesario 
realizar un estudio en profundidad del efecto de las distintas mezclas de los mismos con el 
objetivo de optimizar la eficiencia del proceso de tratamiento, asegurar su viabilidad 
económica y garantizar una correcta gestión y protección del medio ambiente.   
  
2.2 ORIGEN, VOLUMEN Y PROBLEMÁTICA AMBIENTAL DE LOS RESIDUOS 
ESTUDIADOS 
Los residuos objeto de estudio de esta Tesis Doctoral son residuos generados en 
distintas industrias y zonas de Andalucía, aunque pueden encontrarse residuos similares en 
otras localizaciones geográficas: extrusionado de fresa residual, residuos de pescado, 
glicerol residual y lodo de depuradora. 
A nivel mundial, la fresa es sobradamente conocida por sus propiedades 
alimenticias, destacando el elevado número de productos derivados de la misma 
disponibles actualmente en el mercado. El extrusionado de fresa residual se genera en la 
fabricación del puré de fresa destinado a la elaboración de productos secundarios tales 
como mermelada, yogur o compuestos flavorizantes, entre otros. En la elaboración de este 
tipo de productos se emplea en torno al 21% de la producción total de fresa a nivel 




mundial, que superó los 4,5 millones de toneladas en 2012 (FAOSTAT, 2014). Durante el 
procesado industrial, las fresas son extrusionadas mediante tamices, con diferente luz de 
malla, que van reteniendo la fracción residual formada por la parte fibrosa y los aquenios, 
separándolos de la pulpa y la parte líquida. El extrusionado residual puede alcanzar en 
torno al 7%, en peso, de la fresa manufacturada y debe ser gestionado adecuadamente 
debido a su elevada carga orgánica.  
Dentro de la denominada “dieta mediterránea” se incluyen el consumo de distintos 
tipos de pescado, siendo recomendable que la ingesta de éste sea superior a la de carne. Las 
distintas alternativas de cocinado del pescado incluyen su conservación previa 
manufacturación, generándose grandes volúmenes de residuos de pescado durante los 
procesos de enlatado en empresas conserveras. Dichos despojos están formados por los 
desechos sin interés comercial, tales como las cabezas, las vísceras o las espinas de los 
pescados, pudiendo llegar a alcanzar el 45% en peso de pescado manufacturado. La 
problemática de la generación de estos residuos es especialmente importante ya que el 
consumo de pescado manufacturado representa en torno al 15% del consumo total, aunque 
en Europa y Estados Unidos este porcentaje puede alcanzar hasta el 60%.  
Por otro lado, en la última década se han desarrollado intensamente las 
denominadas fuentes alternativas de energía, entre las que se incluye el combustible 
denominado “biodiesel”. En el proceso de producción de dicho biocombustible se genera 
un sub-producto, el glicerol, sin valor excesivo en el mercado. Se considera que por cada 
tonelada de biodiesel se generan 100 kg de glicerol residual. Este glicerol residual es una 
mezcla que puede contener entre un 55 y un 90% de glicerol puro, así como impurezas 
tales como alcoholes, sales, metales pesados, etc. La presencia de estas impurezas limita la 
utilización del glicerol residual como subproducto, requiriendose procesos apropiados de 
purificación previos a su valorización (Hazimah et al., 2003; Pagliaro and Rossi, 2008). 




Así mismo, la elevada producción de biodiesel, más de diez mil millones de litros en 
Europa en 2013 (Flach et al., 2013), conlleva una devaluación del precio del glicerol 
generado debido al exceso respecto a la demanda por parte de la industria (Yazdani and 
Gonzalez, 2007).  
El lodo de depuradora que se genera en exceso en las plantas de tratamiento de 
aguas residuales es uno de los residuos más problemáticos de gestionar en la sociedad 
actual. En Europa, se estima que la producción de lodo de depuradora, en peso seco, 
procedente de los tratamientos primario, secundario y terciario, es de 90 g por persona y 
día (Fytili and Zabaniotou, 2008). La dificultad en el tratamiento de este residuo se deriva 
de su elevada concentración en metales pesados, patógenos, contaminantes emergentes, 
etc. (Hendrickx, 2009). De hecho, la legislación comunitaria restringe las técnicas de 
gestión para el tratamiento del lodo con el fin de evitar riesgos para la salud humana e 
impactos ambientales. En este sentido, la aplicación directa como fertilizante en agricultura 
está restringida y el depósito en vertedero se considera la última opción en caso de no 
poder llevar a cabo algún otro proceso de reciclaje o valorización. Ello conduce a que la 
digestión anaerobia sea una tecnología que se está aplicando a la gestión de lodos de 
depuradora, si bien la baja biodegradabilidad del residuo, los altos tiempos de retención y 
la baja producción de metano hacen necesario el estudio de mejoras para aumentar la 
viabilidad del proceso (Appels et al., 2008; Bolzonella et al., 2005). 
2.3 LA DIGESTIÓN ANAEROBIA: FUNDAMENTOS Y APLICACIONES 
  La digestión anaerobia es un proceso biológico en el que la materia orgánica, en 
ausencia de oxígeno, y mediante la acción de un grupo de bacterias específicas, se 
transforma en productos gaseosos o “biogás” (CH4, CO2, H2, H2S, etc.) y en un digestato, 
que es una mezcla de productos minerales (N, P, K Ca, etc.) y compuestos de difícil 
biodegradación (IDAE, 2007). 




 Frente a los procesos aerobios, los tratamientos anaerobios presentan diferentes 
ventajas, entre las que cabe destacar: 
 No se necesita aireación. 
 Se genera biogás (mezcla de CH4 y CO2) que puede ser recuperado y utilizado en 
la misma planta con finalidades energéticas, permitiendo en muchos casos la 
autonomía o autosuficiencia de las plantas de tratamiento.  
 La generación de lodos excedentes es menor, por lo que también se reducen costes 
en el tratamiento y deposición de los fangos. 
 La co-digestión de residuos permite el tratamiento conjunto de varios residuos con 
ventajas adicionales respecto al tratamiento individual de residuos.  
Sin embargo, la digestión anaerobia también presenta desventajas: 
 Es un proceso complejo que requiere cierto control para asegurar su correcto 
funcionamiento.  
 Sensibilidad a las sobrecargas orgánicas, que pueden llevar a la rápida 
desestabilización del proceso.  
 Los costes de implantación son altos, por lo que las instalaciones de pequeño 
tamaño no suelen ser rentables. 
 El biogás generado puede estar contaminado con diversos compuestos que 
complican el manejo y aprovechamiento del mismo (H2S, tioles, NH3, etc.).  
2.3.1 Efluentes finales 
 Los principales productos del proceso de digestión anaerobia, trabajando en 
sistemas de alta carga y en mezcla completa, son el biogás y un efluente estabilizado o 
digestato. 




 El biogás es una mezcla de gases formada principalmente por metano y dióxido de 
carbono y pequeñas porciones de otros gases, como H2S, H2, NH3, etc. La composición o 
riqueza del biogás depende del material digerido y del funcionamiento del proceso. En la 
Tabla 2.3.1.1 se muestran los valores medios de composición del biogás en función del 
sustrato utilizado (Sasson, 1985; Chang, 1983; Martín, 2001).  
 El efluente líquido, también conocido como digestado, es el otro producto de la 
degradación anaerobia y que es la mezcla del influente estabilizado y la biomasa 
microbiana producida. Para un mismo residuo, el tipo de reactor y los parámetros de 
operación empleados determinan la calidad del efluente en cuanto al nivel de 
contaminación y de organismos patógenos. Como ya se ha comentado, durante el proceso 
anaerobio parte de la materia orgánica se transforma en metano y dióxido de carbono, por 
lo que el contenido en materia orgánica es menor que en el influente. 










CH4 50-80 % 50-80 % 50-70 % 45-65 % 
CO2 30-50 % 20-50 % 30-50 % 34-55 % 
H2O Saturado Saturado Saturado Saturado 
H2 0-2 % 0-5 % 0-2 % 0-1 % 
H2S 100-700 ppm 0-1 % 0-8 % 0,5-100 ppm 
NH3 Trazas Trazas Trazas Trazas 
CO 0-1 % 0-1 % 0-1 % Trazas 
N2 0-1 % 0-3 % 0-1 % 0-20 % 
O2 0-1 % 0-1 % 0-1 % 0-5 % 
Compuestos 
orgánicos 
Trazas Trazas Trazas 5 ppm 
 
 




2.3.2 Microbiológica y bioquímica de la digestión anaerobia 
 La digestión anaerobia es un proceso muy complejo, tanto por el número de 
reacciones bioquímicas en serie-paralelo que tienen lugar, como por la cantidad de 
microorganismos involucrados en ellas. De hecho, muchas de estas reacciones ocurren de 
forma simultánea. 
 Los estudios bioquímicos y microbiológicos realizados hasta ahora dividen el 
proceso de descomposición anaerobia de la materia orgánica en cuatro fases o etapas 
principales: 
 Hidrólisis. 
 Etapa fermentativa o acidogénica. 
 Etapa acetogénica. 
 Etapa metanogénica. 
 La primera fase es la hidrólisis de partículas y moléculas complejas (por ejemplo 
proteínas, hidratos de carbono o lípidos) por la acción de enzimas extracelulares 
producidas por los microorganismos hidrolíticos. Como resultado se producen compuestos 
solubles más sencillos (aminoácidos, azúcares y ácidos grasos de cadena larga) que son 
fermentados por las bacterias acidogénicas dando lugar, principalmente, a ácidos orgánicos 
de cadena corta, alcoholes, hidrógeno, dióxido de carbono y otros productos intermedios. 
Dichos ácidos orgánicos son transformados en ácido acético, hidrógeno y dióxido de 
carbono, mediante la acción de microorganismos acetogénicos. Por último, los 
microorganismos metanogénicos producen metano a partir de ácido acético, hidrógeno y 
dióxido de carbono (Figura 2.3.2.1).  





Figura 2.3.2.1 Etapas metabólicas para la formación de metano (Td, tiempo de duplicación) (Gujer y 
Zehnder, 1983). 
2.3.2.1 Hidrólisis  
 La hidrólisis de la materia orgánica polimérica a compuestos solubles o monómeros 
es el paso inicial para la degradación anaerobia de sustratos orgánicos complejos, ya que 
los microorganismos involucrados en el proceso de biometanización únicamente pueden 
utilizar materia orgánica soluble que pueda atravesar su membrana celular. Por tanto, es el 
proceso de hidrólisis el que proporciona sustratos orgánicos asimilables por dichos 
microorganismos, especialmente cuando se tratan de sustratos sólidos. En estos casos, la 
etapa hidrolítica, que como se ha comentado es llevada a cabo por la acción de enzimas 
extracelulares producidas por microorganismos hidrolíticos, puede ser el proceso limitante 
de la velocidad global del proceso. Además, la hidrólisis depende de la temperatura, 
tiempo de retención hidráulico, composición del sustrato (porcentaje de lignina, 
carbohidratos, proteínas y grasas), tamaño de partículas, pH, concentración de amonio y 
concentración de los productos de la hidrólisis (Martí, 2006). Así mismo, los distintos tipos 




de macromoléculas que conforman el sustrato implican distintos procesos de degradación. 
Las proteínas constituyen un sustrato muy importante en el proceso de digestión anaerobia, 
ya que además de ser fuente de carbono y energía, los aminoácidos derivados de su 
hidrólisis tienen un elevado valor nutricional. Las proteínas son hidrolizadas en péptidos y 
aminoácidos por la acción de enzimas proteolíticas llamadas proteasas. Parte de estos 
aminoácidos son utilizados directamente en la síntesis de nuevo material celular y el resto 
son degradados a ácidos orgánicos volátiles, dióxido de carbono, hidrógeno, amonio y 
sulfuro en etapas posteriores del proceso (Martí, 2006). 
 La degradación de los lípidos en ambientes anaerobios comienza con la ruptura de 
las grasas por la acción de enzimas hidrolíticas denominadas lipasas, produciendo ácidos 
grasos de cadena larga y glicerol. 
 La velocidad de degradación de los materiales lignocelulósicos, compuestos 
principalmente por celulosa, hemicelulosa y lignina, es tan lenta que suele ser la etapa 
limitante del proceso de hidrólisis de dichos materiales y por tanto, de la degradación 
anaerobia de determinados sustratos. Ello se debe a que la lignina es muy resistente a la 
degradación por parte de los microorganismos anaerobios y además bajo condiciones 
anaerobias se transforma en compuestos fenólicos que son conocidos agentes 
antimicrobianos, afectando también a la biodegradabilidad de la celulosa, de la 
hemicelulosa y de otros hidratos de carbono. Los principales productos de la hidrólisis de 
la celulosa son celobiosa y glucosa, mientras que la hemicelulosa produce pentosas, 
hexosas y ácidos urónicos. 
2.3.2.2 Etapa fermentativa o acidogénica 
Durante esta etapa tiene lugar la transformación de las moléculas orgánicas solubles 
en compuestos que pueden ser utilizados directamente por las bacterias metanogénicas 




(ácido acético, ácido fórmico o H2), y compuestos orgánicos más reducidos (ácido 
propiónico, butírico, valérico, láctico y etanol principalmente) que deben ser oxidados por 
bacterias acetogénicas en la siguiente etapa del proceso para el adecuado transcurso del 
tratamiento de digestión anaeróbia. 
Fermentación de carbohidratos solubles 
 La fermentación de azúcares se realiza por diversos tipos de microorganismos y, en 
función de cada organismo, la ruta metabólica y los productos finales son diferentes. Los 
principales microorganismos asociados a la degradación de la glucosa pertenecen al género 
Clostridium sp. y convierten la glucosa en ácido butírico, ácido acético, dióxido de carbono 
e hidrógeno. La glucosa se convierte en piruvato mediante la ruta Embden-Meyerhof y el 
piruvato, posteriormente, se desdobla a Acetil-CoA y dióxido de carbono. El Acetil-CoA 
se reduce en los productos de fermentación empleando como transportador de electrones el 
NADH derivado de las reacciones glucolíticas en la ruta Embden-Meyerhof. 
Fermentación de aminoácidos 
 La fermentación de aminoácidos y de otras moléculas hidrogenadas genera ácidos 
orgánicos volátiles de cadena corta, ácido succínico, aminovalérico e hidrógeno. La 
fermentación de aminoácidos se considera un proceso rápido y que, en general, no limita la 
velocidad de degradación de compuestos proteicos. Las bacterias proteolíticas que 
mayoritariamente se han identificado, pertenecen al género Clostridium sp. (Garrity et al., 
2007). Los compuestos generados mediante esta oxidación son amoniaco, dióxido de 
carbono y un ácido carboxílico con un átomo de carbono menos que el aminoácido 
oxidado. 
 




Oxidación anaerobia de ácidos orgánicos de cadena larga 
 Los ácidos orgánicos de cadena larga son oxidados a ácidos orgánicos volátiles de 
cadena corta por el mecanismo de -oxidación. Los ácidos orgánicos volátiles libres son 
introducidos en la célula a través de la pared celular y una vez en su interior, son 
transformados en el correspondiente tio-ester-CoA. La -oxidación es un ciclo en espiral 
que va liberando un acetil-CoA en cada bucle, produciendo principalmente ácido acético. 
En condiciones anaerobias, este mecanismo es termodinámicamente desfavorable y muy 
dependiente de la presión parcial del hidrógeno, por lo que es de gran importancia la 
acción simbiótica de los microorganismos consumidores de hidrógeno para que ésta se 
pueda producir. 
2.3.2.3 Etapa acetogénica 
 Mientras que algunos productos de la fermentación pueden ser metabolizados 
directamente por los organismos metanogénicos (hidrógeno y ácido acético), otros (etanol, 
ácidos orgánicos volátiles de cadena más larga y algunos compuestos aromáticos) deben 
ser transformados en productos más sencillos, tales como acetato e hidrógeno, mediante la 
acción de las bacterias acetogénicas. En esta etapa intervienen bacterias de los géneros 
Syntrophobacter sp., Syntrophomonas sp. y Desulfovibrio sp. (Garrity et al., 2007). Desde 
el punto de vista termodinámico, estas reacciones no son posibles porque en condiciones 
ambientales (pH=7, 25
o
C y 1 atm), presentan energías libres de reacción positivas, tal y 








Tabla 2.3.2.3.1 Reacciones acetogénicas en los sistemas anaerobios. 
Reacciones acetogénicas Go (kJ) 
Etanol y ácido láctico  
                    
            + 9,6 
                         
                 
   - 4,2 
Ácidos orgánicos volátiles  
                    
             
  + 104,6 
                            
                 
  + 76,1 
                           
            + 48,1 
                           
             + 96,2 
Aminoácidos  
                       
                 
      
  + 7,5 
                           
                  
      
  - 14,0 
                           
                 
      
  + 4,2 
                              
                  
      
  - 5,8 
                           
                   
      
  + 70,3 
 





estas reacciones pasan a ser termodinámicamente favorables y la variación de energía libre 
es suficiente para permitir la síntesis de ATP y el crecimiento bacteriano. Por tanto, el 
principal inhibidor de la acetogénesis es el hidrógeno molecular, cuya concentración 
provoca la rápida acumulación de sustratos.  




Un tipo especial de microorganismos acetogénicos son los llamados 
homoacetogénicos, que son capaces de crecer heterotróficamente en presencia de azúcares 
o compuestos monocarbonados (como la mezcla H2/CO2), produciendo como único 
producto acetato. Al contrario que las bacterias acetogénicas, éstos no producen hidrógeno 
como resultado de su metabolismo, sino que lo consumen como sustrato. El resultado neto 
del metabolismo homoacetogénico permite mantener bajas presiones parciales de 
hidrógeno y, por tanto, permite la actividad de las bacterias acidogénicas y acetogénicas. 
Los principales microorganismos homoacetogénicos involucrados en el proceso de 
digestión anaerobia son Acetobacterium wodii, Clostridium aceticum (Garrity et al., 2007) 
y Butybacterium methylotrophium (Nähle, 1987). 
2.3.2.4 Etapa metanogénica 
 Los microorganismos metanogénicos completan el proceso de digestión anaerobia 
mediante la formación de metano a partir de sustratos monocarbonados o con dos átomos 
de carbono unidos por un enlace covalente: acetato, hidrógeno/dióxido de carbono, 
formiato, metanol y algunas metilaminas. La obtención de metano puede realizarse 
principalmente mediante dos rutas metabólicas. En primer lugar, las bacterias 
metanogénicas acetoclásticas utilizan el ácido acético como sustrato. El segundo tipo de 
bacterias son las metanobacterias hidrogenófilas, que utilizan hidrógeno y dióxido de 
carbono para obtener metano. Los organismos metanogénicos se clasifican dentro del 
dominio Archaea y presentan unas características comunes que los diferencian del resto de 
los microorganismos procariotas, tanto en su bioquímica como en su historia evolutiva 
(Martí, 2006). Dentro de esta etapa, encontramos bacterias de los géneros 
Methanobacterium sp., Methanosarcina sp. y Methanoccocus sp. (Siles, 2010). 
 




2.3.3 Influencia de las variables ambientales y de control 
2.3.3.1 Temperatura 
 La velocidad de reacción de los procesos biológicos depende de la velocidad de 
crecimiento de los microorganismos involucrados, que a su vez está influenciada por la 
temperatura. A medida que aumenta la temperatura (dentro del rango de operación), 
aumenta la velocidad de crecimiento de los microorganismos y se acelera el proceso de 
digestión, dando lugar a una mayor producción de biogás. Por tanto, la temperatura de 
operación del digestor está considerada como una de las principales variables 
operacionales de diseño. Además, variaciones bruscas de temperatura en el digestor 
pueden provocar la desestabilización del proceso. Por ello, para garantizar la ausencia de 
gradientes térmicos en el digestor, es imprescindible un sistema adecuado de agitación y un 
controlador de temperatura. 
 Existen tres rangos de temperatura en los que pueden desarrollarse los 
microorganismos anaerobios: psicrófilo (por debajo de 25
o









C). Está ampliamente reconocido que las temperaturas 
óptimas para cada rango son aproximadamente 20ºC, 35ºC y 55ºC para las condiciones 
psicrófilas, mesófilas y termófilas, respectivamente. 
 El rango mesófilo de operación es el más utilizado, a pesar de que en la actualidad 
se está utilizando cada vez más el rango termófilo para conseguir una mayor velocidad de 
tratamiento (lo que en algunos casos implica un aumento en la eliminación de materia 
orgánica y en la producción de biogás) y una mejor eliminación de microorganismos 
patógenos. Sin embargo, el régimen termófilo suele ser más inestable a cualquier cambio 
de las condiciones de operación y presenta además mayores problemas de inhibición por la 




mayor toxicidad de determinados compuestos a elevadas temperaturas, como el nitrógeno 
amoniacal o los ácidos grasos de cadena larga (Chen et al., 2008). 
2.3.3.2 pH y alcalinidad 
 Los diferentes grupos bacterianos presentes en el proceso de digestión anaerobia 
presentan unos niveles de actividad óptimos para valores de pH próximos a la neutralidad: 
 Fermentativos: entre 7,2 y 7,4. 
 Acetogénicos: entre 7,0 y 7,2. 
 Metanogénicos: entre 6,5 y 7,5. 
 De forma general, para que el proceso se desarrolle satisfactoriamente, el pH no 
debería exceder los límites de 7 y 8 (Wheatley, 1990). El valor del pH en el digestor no 
sólo determina la producción de biogás sino también su composición.  
 El pH es una de las variables utilizadas en el diagnóstico de los sistemas anaerobios 
ya que muchos fenómenos tienen influencia sobre el mismo. Un ejemplo de ello, son las 
situaciones de acidificación de un reactor anaerobio provocadas por desequilibrios en la 
producción y consumo de ácidos orgánicos volátiles. La acumulación de éstos provoca un 
descenso en el pH, que será más o menos acusado en función de la alcalinidad del medio. 
Una de las consecuencias derivadas de un descenso del pH a valores inferiores a 6 es que 
el biogás generado es muy pobre en metano y, por tanto, presenta peores cualidades 
energéticas. 
 Por otra parte, el pH afecta a los diferentes equilibrios químicos existentes en el 
medio, pudiendo desplazarlos hacia la formación de un determinado componente que tenga 
influencia en el proceso. Éste es el caso de los equilibrios ácido-base del ácido acético y 
del amoníaco: al aumentar el pH se favorece la formación de amoníaco libre que, a 




elevadas concentraciones, es inhibidor del crecimiento microbiano y a pH bajos se genera 
mayoritariamente la forma no ionizada del ácido acético, que inhibe el mecanismo de 
degradación del propionato. 
 En este sentido la alcalinidad, que es una medida de la capacidad tampón del 
medio, es otra variable fundamental a tener en cuenta para el correcto desarrollo del 
proceso de digestión anaerobia. En el rango de pH de la biometanización, el principal 
equilibrio que controla la alcalinidad es el del dióxido de carbono/bicarbonato. Se 
considera que valores de alcalinidad superiores a 2.500 mg CaCO3/L, aseguran un buen 
control del pH y una adecuada estabilidad del sistema, si bien no son recomendables 
valores excesivos. 
No obstante, algunos autores sostienen que existe una relación definida entre el pH, 
alcalinidad y presión parcial de dióxido de carbono en el digestor, ya que los valores de las 
dos primeras variables condicionan la tercera, tal y como se muestra en la Figura 2.3.3.2.1, 
por lo que el pH en el licor de mezcla del digestor es un factor que no puede considerarse 
aisladamente. 





Figura 2.3.3.2.1. Influencia del pH, alcalinidad y concentración de CO2 en la digestión anaerobia. 
2.3.3.3 Nutrientes 
 Una de las ventajas de los procesos de digestión anaerobia frente a los procesos 
aerobios es el bajo requerimiento de nutrientes, derivado de los bajos índices de 
producción de biomasa que presentan los microorganismos anaerobios. Los principales 
nutrientes necesarios para el crecimiento de dichos microorganismos son carbono, 
nitrógeno y fósforo, además de una serie de elementos minerales como S, K, Na, Ca, Mg y 
Fe, que deben estar presentes a nivel de trazas. Según Amatya (1996) y Aiyuk et al. (2004), 
la proporción recomendable entre DQO, nitrógeno y fósforo es de 300:5:1, 
respectivamente, para el adecuado arranque de los reactores anaerobios si bien el ratio 
óptimo, descrito en bibliografía, para el correcto funcionamiento del reactor durante el 
tratamiento de residuos puede variar entre 50:4:1 y 350:5:1, (Thaveesri, 1995; Brunetti el 
al,. 1983). En el caso de que el residuo a tratar presente un balance de nutrientes alejado de 
estas proporciones, se puede proponer su co-digestión con otro sustrato biodegradable que 




permita compensar el desequilibrio y aproximarlo a los requerimientos óptimos de los 
microorganismos anaerobios (Chen et al., 2008). 
2.3.3.4 Potencial redox 
 Conviene mantener el valor del potencial redox por debajo de -300 mV o -330 mV 
para asegurar el ambiente fuertemente reductor que las bacterias metanogénicas necesitan 
para su actividad óptima (Martí, 2006). 
2.3.3.5 Velocidad de carga orgánica y tiempo de retención 
 El tiempo de retención, junto con la velocidad de carga orgánica, condicionado por 
el tipo de sustrato, son los principales parámetros de diseño ya que determinan el volumen 
del digestor. 
 El tiempo de retención hidráulico (TRH) indica el tiempo de permanencia de una 
fase acuosa en un digestor para que toda la materia orgánica biodegradable se transforme 
en biogás. Depende del tipo de residuo y sus características, así como de las condiciones de 
operación. En los sistemas de mezcla completa, el TRH coincide con el tiempo de 
retención celular, por lo que el tiempo de retención deberá ser suficiente para asegurar el 
crecimiento de la población bacteriana. Al aumentar el TRH, aumenta el grado de 
degradación de la materia orgánica y la producción de biogás, aunque este valor depende 
en gran medida del tipo de reactor utilizado y del residuo a tratar. 
 La velocidad de carga orgánica (VCO) es la cantidad de materia orgánica añadida 
al reactor en un determinado tiempo y por unidad de volumen, siendo directamente 
dependiente de la concentración de sustrato y del tiempo de retención fijado. En ausencia 
de inhibidores, altas cargas orgánicas proporcionan altas producciones volumétricas de 




biogás, aunque también aumenta el riesgo de sobrecargas puntuales que conllevan a la 
acidificación del reactor. 
2.3.3.6 Agitación 
 La experiencia ha demostrado que una adecuada mezcla del contenido del digestor 
es esencial, ya que permite (Martí, 2006): 
 Poner en contacto el sustrato fresco con la población bacteriana y eliminar los 
metabolitos producidos por los microorganismos metanogénicos al favorecer la 
salida de los gases. 
 Proporcionar una concentración uniforme de la población bacteriana. 
 Prevenir la formación de espumas y la sedimentación en el reactor. 
 Prevenir la formación de espacios muertos, que reducirían el volumen efectivo del 
reactor, y la formación de vías preferenciales. 
 Reducir la estratificación térmica, manteniendo una temperatura uniforme en el 
medio de reacción. 
 El sistema de agitación puede ser mecánico, hidráulico o neumático. Sin embargo, 
la velocidad de agitación debe ser suficiente para asegurar la correcta homogeneización del 
licor de mezcla, sin romper los agregados bacterianos. 
2.3.4 Inhibidores de la digestión anaerobia 
 Los inhibidores más comúnmente encontrados en los digestores anaerobios 
incluyen el amonio, compuestos de azufre, iones metálicos ligeros, metales pesados y 
compuestos orgánicos (Chen et al., 2008). Las concentraciones de inhibición varían 
considerablemente para cada tóxico. Los parámetros que afectan a la toxicidad de un 
compuesto orgánico incluyen la concentración de tóxico, la concentración de biomasa, el 




tiempo de exposición, el tiempo de vida del organismo, el régimen de alimentación, 
adaptación y temperatura (Yang y Speece, 1986). No obstante, la co-digestión con otro 
sustrato, la adaptación de los microorganismos a las sustancias inhibidoras, la aplicación de 
pre-tratamientos de eliminación o reducción de la concentración de los tóxicos pueden 
aumentar la eficiencia del tratamiento de los residuos. 
2.3.4.1 Amonio 
 El amonio es producido por la degradación biológica de la materia nitrogenada, 
mayoritariamente en forma de proteínas y urea (Kayhanian, 1999). El ion amonio (NH4
+
) y 
el amoniaco libre (NH3) son las dos principales formas de nitrógeno amoniacal presentes 
en los digestores anaerobios, siendo el amoniaco libre el principal causante de inhibición, 
ya que es capaz de atravesar la membrana bacteriana (Kroeker et al., 1979; de Baere et al., 
1984) y difundirse pasivamente en la célula, causando desajustes en el balance de protones 
y/o deficiencia en potasio (Sprott y Patel, 1986; Gallert et al., 1998). La concentración 
relativa de NH4
+ 
y NH3 depende del pH, como se muestra en la siguiente ecuación de 
equilibrio:  
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                                       (ec. 2.3.4.1.1) 
donde [NH3] es la concentración de amoniaco libre (mg/L), [NH4
+
] es la 
concentración de amonio (mg/L) y [H
+
] es la concentración de protones (mg/L). Además, 
la concentración relativa de estos compuestos es también dependiente de la temperatura: 
    
                
          
                        (ec. 2.3.4.1.2) 
donde T es la temperatura en grados Celsius. 




De acuerdo a las ecuaciones 1 y 2, y conforme al pH y la temperatura de la muestra, 
las concentraciones de amoniaco libre pueden calcularse mediante la siguiente expresión 
(Østergaard, 1985)): 
[   ]
[   
 ]
     
     
  
 (        
       
    
)
                  (ec. 2.3.4.1.3) 
donde [NH3] es la concentración de amoniaco libre (mg/L), [NH4
+
] es la 
concentración de nitrógeno amoniacal total (mg/L), y T (K) es la temperatura (K). 
 Entre los principales factores que afectan a la inhibición por amoniaco destacan:  
 Concentración. Se considera generalmente que concentraciones inferiores a 200 
mg/L son beneficiosas para los procesos anaerobios puesto que el nitrógeno es un 
nutriente esencial para los microorganismos anaerobios (Liu y Sung, 2002). En la 
bibliografía se ha descrito un amplio rango de concentraciones para inhibición por 
amoniaco, aunque se considera que una concentración de 1,7 a 14,0 g/L produce 
una reducción del 50% en la producción de metano (Bujoczek et al., 2000, Chen et 
al., 2008). Entre todos los tipos de microorganismos anaerobios involucrados en el 
proceso de biometanización, las bacterias metanogénicas son las menos tolerantes y 
las más propensas a cesar su crecimiento debido a la inhibición por amoniaco 
(Kayhanian, 1994). Cuando las concentraciones de amoniaco aumentan en el rango 
de 4,1-5,7 g N-NH3/L, las poblaciones de bacterias acidogénicas en el lodo granular 
se ven fuertemente afectadas, reduciéndose la actividad metanogénica en torno al 
56,5% (Koster y Lettinga, 1988). 
 pH. El pH es una variable fundamental en el tratamiento de residuos con altas 
concentraciones de nitrógeno amoniacal total ya que determina la forma en que se 
presenta dicho compuesto (Kroeker et al., 1979). Un incremento de pH podría 




resultar en un aumento de la toxicidad (Borja et al., 1996), ya que aumenta la 
relación entre el amoniaco libre y NH4
+
. No obstante, el proceso de 
desestabilización debido al amoniaco conlleva la acumulación de ácidos orgánicos 
volátiles (AOV), que conduce a una reducción del pH y así disminuye la 
concentración de amoniaco libre. La interacción entre amoniaco libre, AOV y pH 
puede conducir a lo que se conoce como “estado de inhibición estable”, donde el 
proceso funciona de modo estable, pero con un rendimiento en metano muy bajo 
(Angelidaki y Ahring, 1993).   
 Temperatura. Tanto las tasas de crecimiento microbiano como la concentración de 
amoniaco libre son dependientes de la temperatura. Un incremento de temperatura 
generalmente tiene efectos positivos en las tasas metabólicas de los 
microorganismos, pero conlleva un aumento en la concentración de amoniaco libre. 
Varios autores han descrito que la fermentación anaerobia de residuos con alta 
concentración de amonio se inhibe más fácilmente y es menos estable a 
temperaturas termófilas que a temperaturas mesófilas (Braun et al., 1981; Parkin y 
Miller, 1983). 
 Presencia de otros iones. Ciertos iones tales como Na+, Ca2+ y Mg2+ son 
considerados como antagonistas de la inhibición por amonio, un fenómeno en que 
la toxicidad de un ion disminuye en presencia de uno o varios iones diferentes 
(Chen et al., 2008). 
 Aclimatación. La aclimatación del inóculo es otro factor que influye en la 
inhibición por amonio. La adaptación puede ser el resultado de cambios internos en 
las poblaciones microbianas que, una vez adaptados, pueden mantener la actividad 
a concentraciones que exceden ampliamente las concentraciones inhibidoras 
iniciales. Koster y Lettinga (1988) observaron que mientras las bacterias 




metanogénicas sin adaptación dejaban de producir metano a concentraciones de 
1,9-2,0 g N/L, podían hacerlo a concentraciones de 11,0 g N/L tras un proceso 
adecuado de adaptación. 
2.3.4.2 Ácido sulfhídrico 
 En condiciones anaerobias, el sulfato es reducido a ácido sulfhídrico por acción de 
las bacterias reductoras de sulfato (SRB) (Hilton y Oleszkiewicz, 1988). La reducción del 
sulfato es llevada a cabo por dos grupos mayoritarios de SRB, incluyendo oxidadoras 
incompletas, que reducen compuestos como lactato a acetato y dióxido de carbono, y 
oxidadoras completas, que convierten completamente acetato a dióxido de carbono y 
bicarbonato.  
Existen dos etapas de inhibición como resultado de la reducción de sulfato a ácido 
sulfhídrico. La inhibición primaria es debida a la competencia por el sustrato común 
orgánico e inorgánico por parte de SRB y el resto de grupos bacterianos, que suprime la 
producción de metano (Harada et al., 1994). Los compuestos que pueden ser degradados 
completa o parcialmente por las SRB incluyen ácidos orgánicos volátiles de cadena 
ramificada y larga, etanol y otros alcoholes, ácidos orgánicos y compuestos aromáticos. 
Por otro lado, la inhibición también se produce como resultado de la toxicidad del ácido 
sulfhídrico a varios grupos de bacterias (Colleran et al., 1998). No obstante, el ácido 
sulfhídrico es tóxico tanto para las bacterias metanogénicas como para las SRB. El 
resultado de la competencia entre SRB y otros tipos de microorganismos anaerobios 
determina la concentración de ácido sulfhídrico en el reactor.  
2.3.4.3 Iones metálicos ligeros (Na, K, Mg, Ca y Al) 
 La toxicidad por salinidad ha sido estudiada en el campo de la biología durante 
varias décadas. Altos niveles de salinidad causan deshidratación de las células debido a la 




presión osmótica (Yerkers et al., 1997). Aunque los cationes de las sales en solución van 
siempre asociados a aniones, la toxicidad se considera que suele venir determinada 
principalmente por los cationes (McCarty y McKinney, 1961). Los iones de metales 
ligeros, incluyendo sodio, potasio, calcio y magnesio, están presentes en el influente de los 
digestores anaerobios. Éstos se pueden liberar por la rotura de la materia orgánica o, en 
algunos casos, ser añadidos como elementos químicos para el ajuste del pH (Grady et al., 
1999). Los iones metálicos ligeros son necesarios para el crecimiento microbiano y, 
consecuentemente, afectan a las tasas de crecimiento. Sin embargo, mientras que a 
concentraciones moderadas se estimula el crecimiento microbiano, acumulaciones 
excesivas decrecen el ritmo de crecimiento e incluso a elevadas concentraciones pueden 
causar una inhibición importante o toxicidad (Soto et al., 1993a). 
Aluminio 
 La información disponible en la bibliografía sobre los efectos del aluminio en la 
digestión anaerobia es mínima. El mecanismo de inhibición por aluminio se debe a la 
competencia con el hierro y el manganeso o también a la adhesión a la membrana celular, 
que puede afectar al crecimiento microbiano. Tanto los microorganismos acetogénicos 
como los metanogénicos se inhiben por la adición de Al(OH)3. Cabirol et al., 2003 
observaron que tras una exposición a 1,0 g Al(OH)3/L durante dos meses, la actividad 
específica de las bacterias metanogénicas y acetogénicas decrece en torno a 50% y 72%, 
respectivamente. No obstante, al igual que con otros inhibidores, un proceso de adaptación 
puede aumentar la tolerancia al tóxico. Así, según Jackson-Moss y Duncan (1991), las 
bacterias anaerobias pueden tolerar concentraciones de 2,5 g Al(OH)3/L tras un proceso de 
adaptación adecuado. 
 





 El calcio es un compuesto esencial para el crecimiento de los microorganismos 
metanogénicos (Murray y Zinder, 1985). Es también importante en la formación de los 
agregados microbianos (Thiele et al., 1990), por lo que este catión puede tener un impacto 
positivo en reactores en que se desee una mayor retención de la biomasa. Sin embargo, 
concentraciones excesivas de calcio conducen a la precipitación de carbonato y fosfato, 
que pueden producir encostramientos en el reactor, conducciones o de la propia biomasa, 
así como reducción de la actividad metanogénica específica, pérdida de capacidad tampón 
y de nutrientes esenciales para la degradación anaerobia (van Langerak et al., 1998). 
 La concentración óptima de calcio para la metanización de ácido acético es 0,2 g/L 
según Kugelman y McCarty (1964). En este mismo estudio, se describe que el ion Ca
2+
 es 
un inhibidor moderado a concentraciones entre 2,5-4,0 g/L, pero es fuertemente inhibidor a 
concentraciones de 8,0 g/L.  
Magnesio 
 La concentración óptima de magnesio oscila en torno a 0,7 g/L para las bacterias 
anaerobias termófilas (Ahring et al., 1991). Las poblaciones pueden adaptarse hasta 7,2 g 
Mg
2+
/L sin cambios en la tasa de crecimiento, pero el crecimiento decae para 
concentraciones próximas a 0,4 g Mg
2+
/L. Además, altas concentraciones de magnesio son 
estimuladoras de la producción de células individuales, lo que puede conducir a la 
lixiviación de biomasa activa en el reactor (Schmidt y Ahring et al., 1993). La alta 
sensibilidad de las células individuales a la lisis es un factor importante en la pérdida de 
actividad acetoclástica en reactores anaerobios. 
 





 El mantenimiento de altos niveles de potasio en un digestor es indeseable ya que se 
considera que concentraciones próximas a 39,0 g K/L conducen a una entrada pasiva de 
iones potasio a la célula, neutralizando el potencial de membrana (Jarrell et al., 1984). 
Además, el potasio es uno de los mejores extractores de ligandos metálicos en los sitios 
intercambiables en lodos. No obstante, la toxicidad por potasio se ha observado que 
disminuye en presencia de sodio, magnesio y amoniaco, obteniéndose los mejores 
resultados con sodio.  
Sodio 
 A baja concentración, el sodio es esencial para las bacterias metanogénicas, 
probablemente porque participa en la formación de ATP o en la oxidación de NADH. Se 
considera que concentraciones de sodio en el rango de 0,1-0,2 g/L son beneficiosas para el 
crecimiento de las bacterias anaerobias mesófilas. Sin embargo, a altas concentraciones, el 
sodio puede afectar seriamente la actividad de los microorganismos e interferir en su 
metabolismo (Mendéz et al., 1995). Concentraciones de 3,5 a 5,5 g/L producen una 
inhibición moderada, mientras que una concentración de 8,0 g/L inhibe fuertemente a las 
bacterias metanogénicas a temperaturas mesófilas. No obstante, a elevadas concentraciones 
de sodio, los reactores mesófilos presentan mejor rendimiento que los reactores termófilos; 
esto se atribuye a la mayor rapidez de adaptación de los lodos mesófilos a la alta salinidad 
del residuo (Soto et al., 1991). Dentro de las bacterias degradadoras de ácidos orgánicos 
volátiles, el sodio resulta más tóxico para los microorganismos dependientes del ácido 
propiónico que para las dependientes del ácido acético (Soto et al., 1993b).   
 
 




2.3.4.4 Metales Pesados 
 Los metales pesados pueden actuar como estimuladores, inhibidores o incluso 
tóxicos en las reacciones bioquímicas, dependiendo de su concentración. La presencia de 
metales es requisito indispensable para la activación o el funcionamiento de muchas 
enzimas y coenzimas. Sin embargo, concentraciones excesivas pueden conducir a la 
inhibición o toxicidad. Muchos iones metálicos pueden producir toxicidad en sistemas 









 como especies individuales en el crecimiento de 
bacterias metanogénicas se describen a continuación (Atlaş, 2008): 
 La producción de metano es dependiente del tipo y concentración de metal pesado. 
En general, el rendimiento en metano decrece a concentraciones de metales 
pesados superiores a 32 mg/L. 
 La capacidad de inhibición de los metales pesados varía en orden Zn2+> Cr4+> 
Ni
2+ Cd2+. Los valores de IC50 (IC50: concentración para la inhibición del 50 % de 





/L, 35 mg Ni
2+
/L y 36 mg Cd
2+
/L. 
 Aunque, en general, los microorganismos metanogénicos muestran baja resistencia 
a la toxicidad por metales, presentan la capacidad de aumentar la resistencia al 
inhibidor tras un cierto periodo de adaptación. 
2.3.4.5 Compuestos orgánicos 
 Una amplia gama de compuestos orgánicos pueden actuar como inhibidores en los 
procesos anaerobios. La acumulación de contaminantes apolares en la membrana 
bacteriana causa que ésta se hinche y permeabilice, interrumpiendo el gradiente iónico y 
eventualmente produciendo lisis celular (Heipieper et al., 1994). 




 Los compuestos orgánicos que se han determinado como inhibidores del proceso 
anaerobio incluyen alquil bencenos, bencenos halogenados, nitrobencenos, fenoles y alquil 
fenoles, fenoles halogenados, nitrofenoles, alcanos, compuestos alifáticos halogenados, 
alcoholes, alcoholes halogenados, aldehídos, éteres, cetonas, acrilatos, ácidos carboxílicos, 
aminas, nitrilos, así como amidas y piridina y sus derivados. Adicionalmente, algunos 
ácidos volátiles de cadena larga, surfactantes y detergentes tienen un impacto adverso en la 
digestión anaerobia (Gavala y Ahring, 2002).  
 A bajas concentraciones, la biodegradación de algunos de los tóxicos puede 
prevenir la inhibición, si bien una concentración elevada de tóxicos generalmente conduce 
a una inhibición del proceso anaerobio. 
Clorofenoles 
 Los clorofenoles incluyen mono, di, tri, tetra y penta-clorofenoles. Los clorofenoles 
son tóxicos para muchos organismos debido a que interrumpen el gradiente de protones a 
través de las membranas e interfieren con la transducción de energía de las células. Entre 
los distintos isómeros, los penta-clorofenoles se consideran los más tóxicos para las 
bacterias acidogénicas y las metanogénicas, de modo que aproximadamente una 
concentración en el rango 0,5-10 mg/L causa inhibición en poblaciones de bacterias 
acidogénicas y metanogénicas (Sikkema et al., 1995).  
 En relación a las propiedades físico-químicas, las características estructurales que 
disminuyen la polaridad provocan un aumento de la toxicidad de los clorofenoles. Los 
compuestos altamente hidrófobos se acumulan más eficazmente en las membranas, 
provocando graves daños en la estructura de la misma (Sikkema et al., 1994). 
 




Compuestos alifáticos halogenados 
 La mayoría de los compuestos alifáticos halogenados son fuertes inhibidores de la 
metanogénesis. En general, los compuestos con bromo son más inhibidores de las bacterias 
metanogénicas que los compuestos clorados análogos. La IC50 de estos compuestos se 
estima que comienza a 3,3 mg/L, mientras que a concentraciones de 100 mg/L producen 
una inhibición irreversible (Chen et al., 2008).  
 En el caso del cloroformo, la IC50 para poblaciones no adaptadas es de 0,15 mg/L, 
pudiendo producir efectos adversos en la digestión anaerobia a partir de una concentración 
de 0,01 mg/L. Durante la degradación anaerobia del cloroformo se forman productos y 
compuestos intermedios que contribuyen a aumentar la inhibición en el reactor (van Beelen 
y Vingen, 1994).  
Compuestos aromáticos nitrogenados 
 Los compuestos aromáticos nitrogenados tóxicos incluyen nitro-bencenos, nitro-
fenoles, amino-fenoles, aminas aromáticas, etc. La toxicidad es causada por interacciones 
químicas específicas entre enzimas o interferencias con rutas metabólicas involucradas en 
el proceso de biometanización (Balderston y Payne, 1976). 
 Los compuestos aromáticos nitrogenados son muy tóxicos para las bacterias 
metanogénicas, con valores de IC50 del rango de 0,014 a 0,12 mM. Las aminas aromáticas, 
no obstante, presentan menos carácter inhibidor, con IC50 entre 3,2 y 67 mM, debido 
principalmente a que son poco hidrófobas (Razo-Flores et al., 1997).  
2.3.4.6 Lignina y compuestos derivados 
 La lignina derivada con grupos aldehído o sustitutos apolares es altamente tóxica 
para las bacterias metanogénicas. Sin embargo, los ácidos aromáticos carboxílicos son sólo 




medianamente tóxicos. Op den Camp et al. (1988) evaluó la toxicidad de varios 
compuestos fenólicos sobre la degradación de celulosa y observó que la inhibición sobre la 
producción de metano sólo se produce a altas concentraciones.  
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3. MATERIALES Y MÉTODOS 
 
3.1 EQUIPO DE DIGESTIÓN ANAEROBIA  
El sistema utilizado para los ensayos de biodegradación anaerobia se compone de 
los siguientes elementos (Figura 3.1.1, Figura 3.1.2 y Figura 3.1.3): 
- Digestor anaerobio. 
- Sistema de agitación. 
- Sistema de absorción de dióxido de carbono. 
- Sistema de medida del metano. 
 
 
Figura 3.1.1. Esquema del equipo de digestión anaerobia. 




Figura 3.1.2. Sistema experimental de digestión anaerobia. Reactores de 1,0 L de volumen útil. 
 
 
Figura 3.1.3. Sistema experimental de digestión anaerobia. Reactores de 3,5 L de volumen útil. 
 




3.1.1 Digestores anaerobios 
Entre los distintos tipos de digestores existentes (Nebot, 1992) se ha optado por 
reactores discontinuos de mezcla completa con crecimiento bacteriano en suspensión sin 
sistema de retención de biomasa. Los reactores de vidrio utilizados han sido de 1,0 y 3,5 L 
de volumen útil, forma cilíndrica y provistos de una tapa con un sistema de cierre 
hermético. La tapa consta de cuatro orificios: el primero y central de mayor diámetro y 
otros tres laterales. Por el mayor de ellos se acopla el sistema de alimentación del reactor. 
Consta de un tubo, que se introduce hasta el centro del volumen de reacción, y de un frasco 
de alimentación con un tapón, con cierre hidráulico, para poder llevar a cabo la 
alimentación de forma discontinua. La toma de muestra se puede realizar en agitación o en 
decantación de modo que la diferente longitud de los tubos de muestreo permite minimizar 
el arrastre de biomasa en caso de que fuese necesario (decantación). En la toma de muestra 
es necesario compensar la presión con un gas inerte (N2); además el sistema de inyección 
de éste permite inertizar el espacio de cabeza del reactor en el arranque de los 
experimentos y cuando es necesario.  
 Adicionalmente, los reactores disponen de una camisa por la que circula agua a 
37,8 
o
C procedente de un baño termostático modelo LAUDA RTM 20, que permite 
mantener la temperatura del medio de reacción en el rango mesófilo.  
3.1.2 Sistema de agitación 
El agitador empleado ha sido del modelo MAGNA AN-2 en el caso de los reactores 
de 1,0 L de volumen útil. Está provisto de un selector de velocidad que permite suspender 
la biomasa en el medio de reacción. La velocidad de agitación ha estado comprendida entre 
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150-200 rpm para no provocar la ruptura de los agregados bacterianos (Ramalho, 1996) y 
permitir el contacto entre el sustrato y los microorganismos.  
Los reactores de 3,5 L de volumen útil se agitaron mecánicamente mediante un 
motor cuyo eje dispone de un sistema de palas para favorecer el mezclado de sólidos en el 
interior del reactor. Estos reactores constan de un sistema de toma de muestra equipado 
con una bomba peristáltica ISMATEC modelo ISM1078B que ha permitido la 
recirculación del licor de mezcla y asegurando que las muestras tomadas fuesen 
homogéneas.  
3.1.3 Sistema de absorción de dióxido de carbono 
 Se utiliza un borboteador con un volumen de 50 mL, lleno parcialmente de NaOH 
6N, en el que burbujea el biogás procedente de cada digestor con objeto de retener el 
dióxido de carbono que contiene.  
3.1.4 Sistema de medida de metano 
 El metano se mide por desplazamiento de agua, utilizando un gasómetro cilíndrico 
de 1,0 L de capacidad y una probeta del mismo volumen para los reactores de 1,0 L, 
mientras que en los reactores de 3,5 L se emplean gasómetros y probetas de 2,0 L de 
capacidad. El metano desplaza un volumen equivalente de agua que es recogido y medido 
en la probeta. 
En ambos casos, los resultados obtenidos de volumen de metano acumulado se 
normalizan teniendo en cuenta el efecto de la presión atmosférica, la temperatura y la 
presión de vapor del agua a la temperatura ambiente en el momento de la medida, 
expresándolos finalmente en condiciones normales (0ºC y 760 mm Hg). La temperatura y 
la presión son determinadas en una estación meteorológica provista de termómetro y 




barómetro. Partiendo de la Ley de los gases ideales, tanto para el volumen en las 
condiciones experimentales como del volumen a condiciones normales se tiene: 
                                 (ec. 3.1.4.1) 
                        (ec. 3.1.4.2) 
Donde:  
- Preal es la presión atmosférica expresada en atm. 
-V es el gas generado en las condiciones experimentales (NL). 
- R es la constante de los gases ideales (atm·L/K·mol). 
-T es la temperatura ambiente expresada en K.  
- NP es la presión de vapor en condiciones normales (atm). 




-NT es la temperatura en condiciones normales (K).  
Combinando ambas expresiones y sustituyendo los parámetros se llega a la 
expresión deseada: 
     (





)                       (ec. 3.1.4.3) 
     (
      
     
)  (
    
 
)                  (ec. 3.1.4.4) 
Adicionalmente, Preal es dependiente de dos factores, la presión atmosférica medida 
y la presión de vapor, debido al sistema experimental utilizado para la medida del volumen 
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de metano generado (por desplazamiento de agua), calculando esta última a partir de los 
valores de presión de vapor del agua de 0 a 370
o
C (Handbook of Chemistry and Physics, 
2004-2005).    
Finalmente se obtiene la expresión a aplicar: 
     (
         
     
)  (
    
 
)                     (ec. 3.1.4.5) 
Donde: 
-Pv es la presión de vapor a la temperatura ambiente (atm). 
 
3.2 SISTEMAS EXPERIMENTALES EMPLEADOS PARA EL PRE-
TRATAMIENTO DE LOS RESIDUOS 
3.2.1 Pre-tratamiento de cribado 
El pre-tratamiento físico de cribado se ha empleado para la eliminación de los 
aquenios presentes en el extrusionado de fresa residual. El proceso se ha llevado a cabo a 
escala de laboratorio con un sistema capaz de reproducir el utilizado a escala industrial, 
donde se emplean tamices de distintas luces de malla para separar las distintas fracciones 
presentes en el residuo, reteniéndolas conforme a su tamaño. En el presente estudio se ha 
utilizado un tamiz metálico circular de luz de malla de 1mm como el que se muestra en la 
Figura 3.2.1.1. El proceso de tamizado del extrusionado de fresa residual se ha realizado de 
forma manual hasta la separación efectiva de los aquenios del resto del extrusionado de 
fresa.  





Figura 3.2.1.1. Equipo experimental utilizado para el pre-tratamiento de cribado. 
3.2.2 Pre-tratamiento térmico 
El pre-tratamiento térmico se ha utilizado para solubilizar la fracción orgánica del 
lodo de depuradora y del extrusionado de fresa residual. El pretratamiento se ha llevado a 
cabo empleando un autoclave P Selecta AUTESTER MOD 437-G (Figura 3.2.2.1), 
equipado con control de temperatura, presión y tiempo. Durante los ensayos, la 
temperatura y la presión se han fijado en 120 ºC y 2 atm, respectivamente, variando 
únicamente el tiempo de pre-tratamiento. 




Figura 3.2.2.1. Equipo experimental utilizado para el pre-tratamiento térmico. 
Los residuos estudiados han sido introducidos en el autoclave contenidos en frascos 
NORMAX de 0,25 L de volumen (Figura 3.2.2.2). Durante el proceso, los frascos se han 
mantenido cerrados para evitar la pérdida de los compuestos volátiles liberados durante el 
pre-tratamiento, además de evitar la dilución de la muestra debido al vapor de agua 
generado por el autoclave. Así mismo, la apertura de los frascos de ensayo y la 
caracterización de su contenido se ha llevado a cabo una vez que han igualado su 
temperatura a la temperatura ambiental. 





Figura 3.2.2.2. Frascos NORMAX empleados para el pre-tratamiento térmico. 
 
3.3 MÉTODOS ANALÍTICOS  
Las determinaciones analíticas realizadas para la caracterización de las materias 








-Demanda química de oxígeno total y soluble 
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-Carbono total, carbono inorgánico y carbono orgánico total 
-Nitrógeno total 
-Nitrógeno total Kjeldahl  
-Nitrógeno amoniacal  
-Fósforo soluble  
-Cloruros  
-Lignina 
-Metales pesados  
Las determinaciones de las muestras de los digestores se han llevado a cabo según 
los métodos estándar de la APHA (APHA, 1989). Por otro lado, la caracterización de los 
sustratos se ha realizado mediante los protocolos para el análisis de compost desarrollados 
por el US Department of Agriculture y el US Composting Council (Thompson et al., 
2001), excepto la determinación de la lignina que se han realizado de acuerdo a la norma 
TAPPI T 222 OM-88. 
3.3.1 pH 
 Se ha utilizado un pHmetro “Crison” modelo Digit 2001, provisto de un electrodo 
de vidrio que se sumerge en un volumen adecuado de muestra: la lectura digital da el valor 
de pH con dos decimales. Diariamente se ha procedido a la calibración del mismo con 
disoluciones tampón de pH 4,01; 7,00 y 9,21. 
 
 





 La alcalinidad de un agua es una medida de su capacidad para amortiguar cambios 
de pH y, por lo tanto, es una medida de la estabilidad en los digestores anaerobios. El valor 
medio puede variar significativamente con el pH del punto final utilizado. Además es 
importante en muchos usos y tratamientos de aguas naturales y residuales porque es 
función fundamentalmente del contenido en carbonatos, bicarbonatos e hidróxidos, si bien 
los valores medios de alcalinidad incluyen también la contribución de boratos, fosfatos, 
silicatos y otras bases presentes en la muestra analizada. 
 La determinación se realiza tomando un volumen conocido de muestra, 
normalmente 10 mL, en un vaso de precipitado y se le añade lentamente una solución de 
ácido sulfúrico desde una bureta, hasta alcanzar pH 4,5. Se mide el volumen gastado de 
ácido y el resultado se expresa en mg CaCO3/L. 






            (ec. 3.3.2.1)
 
donde: 
Alc = alcalinidad expresada en mg CaCO3/L. 
V = volumen gastado de ácido sulfúrico, mL. 
N = normalidad del ácido sulfúrico (0,1N). 
50 = peso equivalente del CaCO3. 
Vm = volumen tomado de muestra, mL.  
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3.3.3 Acidez volátil 
 Para su determinación se sigue un método indirecto, que consiste en una destilación 
por arrastre de vapor. Este método se basa en la propiedad que presentan los ácidos grasos 
de cadena corta, de arrastre con vapor de agua en medio ácido. Es una técnica de gran 
precisión y con ella se consiguen recuperaciones de hasta el 98% de los ácidos orgánicos 
volátiles presentes en la muestra. 
 El procedimiento para la determinación consiste en tomar un volumen de muestra, 
normalmente 10 mL, determinar la cantidad de ácido sulfúrico 0,5 N necesario para llevar 
el pH hasta 3,5 y a continuación se toma otro volumen igual de muestra y se introduce en 
el destilador. Inmediatamente después se añade la cantidad de ácido sulfúrico determinada 
previamente, evitándose de esta forma la pérdida de ácidos volátiles. 
 Se destila a una velocidad tal que se recoja un volumen de 200 mL en 
aproximadamente 15 minutos; pasados éstos, se recogerá una fracción de 50 mL más para 
asegurarnos de haber recogido todas las fracciones de ácidos. El destilado se recoge en un 
matraz Erlenmeyer, tapado con papel de parafina, que se valora con NaOH 0,1 N, 
utilizando fenolftaleína como indicador. 
  El contenido en ácidos volátiles de la muestra, expresado en mg ácido acético /L, 






          (ec. 3.3.3.1)
 
donde: 
AV = acidez volátil, mg ácido acético/L. 
V = volumen de NaOH, mL. 




N = normalidad exacta de NaOH (≈0,1 N). 
60 = peso molecular del ácido acético. 
Vm = volumen tomado de muestra, mL.  
3.3.4 Ácidos orgánicos volátiles (determinación cromatográfica) 
 Los ácidos orgánicos volátiles de manera individual analizados son ácidos acético, 
propiónico, butírico, isobutírico, valérico, isovalérico y caproico. En el caso de residuos 
sólidos, la determinación se realiza después de llevar a cabo una extracción con agua 
destilada, de acuerdo al método descrito por Thompson et al. (2001). La determinación se 
lleva a cabo utilizando un cromatógrafo de gases Hewlett-Packard HP-5890 equipado con 
una columna semicapilar Nukol-silica de 15 m x 0.53 mm (i.d.) y un detector de ionización 
de llama (FID). La temperatura de horno se incrementa gradualmente de 100 a 150 ºC a 
una velocidad de 4ºC/min. Se utiliza helio (28.6 kPa) como gas portador a una velocidad 
de flujo de 50 mL/min. Para la ignición de la llama del FID se emplean hidrógeno (14.3 
kPa) y aire (28.6 kPa). 
3.3.5 Sólidos totales (ST) 
 La determinación de los sólidos totales incluye tanto los sólidos orgánicos como los 
inorgánicos presentes en la muestra.  
 Se pesa una cantidad de muestra bien homogeneizada en una balanza de precisión, 
conteniéndose la misma en un crisol de porcelana cuyo peso vacío se conoce previamente. 
La muestra se seca en estufa a 103-105ºC hasta peso constante. El incremento de peso 
experimentado por el crisol representa el contenido en sólidos totales de la muestra. La 
siguiente fórmula permite expresar los resultados en mg/kg. 
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(   )    
 




ST= sólidos totales presentes en la muestra, mg/kg.  
A= peso de la muestra desecada más el peso del crisol, g. 
B= peso del crisol, g. 
m= masa inicial de muestra, g. 
3.3.6 Sólidos minerales (SM) 
El crisol con el residuo seco procedente de la determinación de los sólidos totales, 
de peso conocido, se lleva a un horno a 550ºC donde se calcina hasta peso constante. Las 
cenizas que quedan en el crisol coinciden con la fracción mineral de la muestra. La 
siguiente fórmula permite expresar los resultados en mg/kg. 




(   )    
 




SM= sólidos minerales presentes en la muestra, mg/kg. 
A= peso de la muestra calcinada más el peso del crisol de porcelana, g. 
B= peso del crisol, g. 
m= masa inicial de muestra, g. 
 




3.3.7 Sólidos volátiles (SV) 
Los sólidos volátiles se calculan como la diferencia entre los sólidos totales y los 
sólidos minerales. La siguiente fórmula permite expresar los resultados en mg/kg. 




SV = sólidos volátiles, mg/kg. 
ST = sólidos totales, mg/kg. 
SM = sólidos minerales, mg/kg. 
3.3.8 Demanda química de oxígeno total y soluble (DQOtotal y DQOsoluble) 
La demanda química de oxígeno es una medida de la materia orgánica contenida en 
una muestra determinada a través del oxígeno requerido para oxidar dicha materia 
orgánica.  
El método utilizado para su determinación es el del dicromato (K2Cr2O7): la 
muestra se somete a una oxidación química en caliente (150ºC), por adición de un exceso 
de oxidante (K2Cr2O7) de concentración conocida, en medio H2SO4. Tras el periodo de 
digestión (2 h), el exceso de dicromato que no ha reaccionado se valora frente a FAS 
(sulfato ferroso amónico, Fe(NH4)2(SO4)2·7H2O), conocido como sal de Mohr. Para 
cuantificar la cantidad de dicromato añadida y posibles interferencias de materia orgánica 
aportadas con el agua de dilución a las muestras, se incluye junto a la muestra un ensayo en 
blanco de agua destilada. Por diferencia con un blanco, se determina la cantidad de 
dicromato consumido en la oxidación de la muestra.   
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Las especies inorgánicas en estado reducido que puedan estar presentes en la 
muestra son también oxidadas en el transcurso de la digestión, por lo que si el nivel de las 
mismas es elevado, debe conocerse su concentración en la muestra para efectuar las 
correcciones necesarias. No obstante, con el objetivo de reducir dichas interferencias se 
añade HgSO4 junto con el H2SO4 adicionado a la muestra, de manera que las especies 
inorgánicas precipitan al reaccionar con el mercurio y formar compuestos de baja 
solubilidad. 
La siguiente fórmula permite expresar los resultados en mg O2/kg, si bien 
adicionalmente se han expresado como mg O2/L. 
    (
     
  
)   
(   )            
 




DQO = demanda química de oxígeno, mg O2/kg. 
B = volumen de FAS gastado en la valoración del blanco, mL. 
M = volumen de FAS gastado en la valoración de la muestra, mL. 
NFAS = normalidad exacta del FAS. 
m = peso de muestra, g. 
8 = peso equivalente del oxígeno. 
Para la determinación de la DQOsoluble el procedimiento es el mismo que para la 
DQOtotal, aunque previa filtración de la muestra. El modelo de filtros empleado es Watman 
GF/C de 47 mm φ. En este caso, el resultado se ha expresado en mg O2/L. 
 




3.3.9 Carbono total, carbono inorgánico y carbono orgánico total  
El carbono total es una medida del contenido en carbono, tanto inorgánico como 
orgánico, presente en la fracción soluble una muestra. Se ha determinado mediante una 
técnica instrumental, utilizando un analizador de carbono Dohrmann modelo DC-190. El 
método de determinación se basa en la oxidación catalítica de todo el carbono presente en 
la muestra a CO2, y la posterior detección de este producto final mediante espectrometría 
de infrarrojos. Dicha oxidación se realiza en un horno relleno con un catalizador de platino 
depositado sobre partículas de alúmina, junto con el gas portador que actúa como oxidante 
(Oxígeno N50). Por otro lado se determina en el mismo equipo instrumental el carbono 
inorgánico contenido la muestra. La muestra vaporizada se hace burbujear, junto con el gas 
portador, en una disolución de ácido fosfórico al 20%, de modo que al detector 
espectrofotométrico de infrarrojos sólo llega la fracción de CO2 correspondiente al carbono 
inorgánico contenido en la muestra. 
3.3.10 Nitrógeno total  
 Se toman entre 0,2 y 2,0 gramos de muestra, se ponen en un matraz Kjeldahl y se 
añaden 10 mL de reactivo sulfúrico-salicílico. Se agita para que se moje toda la muestra y 
se deja en reposo durante 30 minutos. A continuación se añade un gramo de tiosulfato 
sódico sólido y se agita. Se deja en reposo 15 minutos y finalmente se añaden 10 mL ácido 
de sulfúrico concentrado y 5 gramos de catalizador Kjeldahl (Cu-Se).  
 Se coloca el matraz en el dispositivo de calentamiento durante 180 minutos a 
350
o
C. Seguidamente, se deja enfriar y se procede a su destilación en presencia de NaOH 
35% hasta pH>9,5. El destilado se recoge sobre un volumen en exceso de ácido sulfúrico 
0,1N (10 mL) al que se han añadido unas gotas de naranja de metilo. Finalizada la 
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destilación (200 mL de destilado), el exceso de ácido que no ha sido neutralizado en la 
destilación se valora frente a una solución de NaOH 0,1N hasta el viraje del indicador. La 
siguiente fórmula permite expresar los resultados en mg N-NH4
+
/g: 
    (
       
 
        
)   
 (             ) (           )    
 
      (ec. 3.3.10.1) 
 donde: 
 N-NT = nitrógeno total, mg N-NH4
+
/g muestra. 
 VH2SO4 = volumen de ácido sulfúrico añadido al erlenmeyer en la destilación, mL. 
 NH2SO4 = normalidad del ácido sulfúrico añadido al erlenmeyer en la destilación. 
 VNaOH = volumen de NaOH gastado en la valoración, mL. 
 NNaOH = normalidad del NaOH utilizado en la valoración. 
 m = masa de muestra, g. 
3.3.11 Nitrógeno total Kjeldahl  
 En un tubo Kjeldahl se adicionan de 0,2 a 2,0 gramos de muestra, a continuación se 
le añaden 5 mL de ácido sulfúrico concentrado y 5 gramos de catalizador Kjeldahl (Cu-
Se). Posteriormente se somete a digestión durante 180 minutos a 350
o
C. Una vez 
transcurrido ese tiempo se dejan enfriar las muestras y se someten a destilación en 
presencia de NaOH al 35% hasta pH>9,5. El destilado se recoge sobre un volumen en 
exceso de ácido sulfúrico 0,1N (10 mL) al que se han añadido unas gotas de naranja de 
metilo. Finalizada la destilación (200 mL), el exceso de ácido que no ha sido neutralizado 
en la destilación se valora frente a una solución de NaOH 0,1N hasta el viraje del 
indicador. La siguiente fórmula permite expresar los resultados en mg N-NH4
+
/g: 




     (
       
 
        
)   
 (             ) (           )    
 
       (ec. 3.3.11.1) 
 donde: 
 N-NTK = nitrógeno total Kjeldahl, mg N-NH4
+
/g muestra. 
 VH2SO4 = volumen de ácido sulfúrico añadido al erlenmeyer en la destilación, mL. 
 NH2SO4 = normalidad del ácido sulfúrico añadido al erlenmeyer en la destilación. 
 VNaOH = volumen de NaOH gastado en la valoración, mL. 
 NNaOH = normalidad del NaOH utilizado en la valoración. 
m = masa de muestra, g. 
3.3.12 Nitrógeno amoniacal  
 Se toma un volumen conocido de muestra y se determina la cantidad de NaOH al 
35% que se necesita para llevar el pH del volumen tomado a 9,5. Se toma otro volumen 
igual de muestra y se introduce en el destilador Kjeldahl. Inmediatamente se le añade un 
volumen de NaOH igual al determinado con anterioridad, evitándose así la pérdida de NH3 
que comienza a liberarse de la muestra. 
 Se destila mediante arrastre de vapor recogiéndose el destilado sobre un volumen 
en exceso de ácido sulfúrico 0,1N (10 mL) al que se le han añadido unas gotas de naranja 
de metilo. Finalizada la destilación (200 mL), el exceso de ácido que no ha sido 
neutralizado por el amoníaco liberado, se valora frente a una solución de NaOH 0,1N 
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 = nitrógeno amoniacal, mg N-NH4
+
/g muestra. 
 VH2SO4 = volumen de ácido sulfúrico añadido al erlenmeyer en la destilación, mL. 
 NH2SO4 = normalidad del ácido sulfúrico añadido al erlenmeyer en la destilación. 
 VNaOH = volumen de NaOH gastado en la valoración, mL. 
 NNaOH = normalidad del NaOH utilizado en la valoración. 
m = masa de muestra, g. 
3.3.13 Fosforo soluble  
 La determinación del fósforo soluble se ha llevado a cabo por el método 
colorimétrico. Para ello se pesa aproximadamente 1 g de la muestra a analizar en un tubo 
Kjeldahl. A continuación se le añaden 10 mL de un reactivo de digestión compuesto por: 
-500 mL de ácido sulfúrico concentrado/L de reactivo. 
-500 mL de ácido nítrico concentrado/L de reactivo. 
-100 g de nitrato potásico/L de reactivo. 
 El tubo Kjeldahl se introduce en el bloque de digestión. La muestra es sometida a 
una temperatura máxima de 200
o
C durante 75 minutos, siendo el aumento de temperatura 
gradual. La rampa de temperatura se ha expuesto en la Figura 3.3.13.1. 























Figura 3.3.13.1. Rampa de temperatura empleada en la determinación de fósforo soluble 
 Terminado el proceso de digestión, la muestra es transferida a un vaso de 
precipitado de 250 mL; al tubo que contiene la muestra se le añade un poco de agua 
destilada para arrastrar los restos de muestra al vaso de precipitado. El pH de la muestra se 
ajusta hasta un valor comprendido entre 6,8 y 7,2 mediante la adición de H2SO4 y NaOH. 
A continuación, se filtra y se transfiere a un matraz aforado de 100 mL. Seguidamente, se 
enrasa el matraz con agua destilada y se toman 50 mL de muestra del matraz que se 
transfieren a un erlenmeyer de 100 mL y se añaden 8 mL de un segundo reactivo 
combinado formado por: 
-50 mL de ácido sulfúrico diluido (140 mL de ácido sulfúrico concentrado/L) en 100 mL 
de reactivo. 
-5 mL de disolución de tartrato de antimonio y potasio (2,7 g/L) en 100 mL de reactivo. 
-15 mL de disolución de molibdato amónico (40,0 g/L) en 100 mL de reactivo.  
-30 mL de disolución de ácido ascórbico (17,6 g/L) en 100 mL de reactivo. 
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 Posteriormente todas las muestras se analizan en un espectrofotómetro a una 
longitud de onda de 880 nm. La concentración se obtiene conforme una recta de calibrado 
previamente realizada con patrones de concentración conocida. Para la corrección de la 
turbidez o color interferente se preparará un blanco con agua destilada. 
                              (ec. 3.3.13.1) 
 donde: 
 U.A. = unidades de absorbancia obtenidas en el espectrofotómetro a 880 nm. 
 C = concentración de fósforo soluble, mg/L. 
 3.3.14 Cloruros  
 Para la determinación de los cloruros se realiza una valoración frente a una 
disolución de nitrato de plata de normalidad conocida (≈0,01 N), utilizando como 
indicador 1 mL de K2CrO4. La disolución al añadir AgNO3 virará de amarillo a naranja.  
 Adicionalmente, se procederá a la valoración de un blanco para determinar el cloro 
aportado por el agua destilada. Para ello se añaden 100 mL de agua destilada en un matraz 
de 250 mL, se añade 1 mL de K2CrO4 y se valora frente a AgNO3.  
 Para valorar la muestra se realiza previamente una dilución de la misma, enrasando 
posteriormente con agua destilada a 100 mL. Posteriormente se ajusta el pH de la misma a 
un valor comprendido entre 7 y 10, se añade 1 mL de indicador (K2CrO4) y se valora frente 
a AgNO3. 
   (
 
 ⁄ )   
(   )                
 
          (eq 3.3.14.1) 
 donde: 




 A = volumen de AgNO3 utilizado en la valoración de la muestra, mL. 
 B = volumen de AgNO3 utilizado en la valoración del blanco, mL. 
 NAgNO3 = normalidad de AgNO3. 
 f = factor de dilución. 
 v = volumen de muestra, mL. 
3.3.15 Lignina 
 Se realiza después de llevar a cabo una extracción con agua caliente de la materia 
prima original. En vasos de precipitado de 100 mL secos, fríos y tarados, se pesan 
aproximadamente 2 g de muestra. Se añaden 40 mL de sulfúrico al 72%, agitándose 
esporádicamente durante 2 horas. Finalmente se trasvasa a matraces erlenmeyer de 2 L con 
porciones de 50 mL de agua y se completa el volumen hasta unos 2 L. Se hierve a reflujo 
durante 4 horas, teniendo cuidado con las espumas que se forman al comienzo de la 
ebullición.  
 Posteriormente se filtra en placas del número 3 secas, frías y taradas y se lava con 
agua caliente hasta pH neutro. Se secan en estufa a 100-105ºC durante 24 horas. 
Finalmente dichas placas se dejan enfriar y se pesan. La siguiente fórmula permite expresar 
los resultados en %: 
        ( )   
                
       
              (ec. 3.3.15.1) 
 donde: 
Pdesecada = peso de la placa más la muestra desecada, g. 
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Pplaca = peso de la placa vacía, g. 
 Muestra = muestra inicial añadida, g. 
3.3.16 Metales pesados  
El contenido en metales pesados se determina mediante espectrometría de 
absorción atómica, también conocida como espectrofotometría de llama. Se ha utilizado un 
espectrofotómetro modelo AAnalyst 100/300 (Perkin-Elmer). Está compuesto por un 
ordenador con un software específico, el espectrofotómetro y el suministro de gases para la 
combustión de la llama. Los gases empleados fueron Acetileno como combustible y aire 
sintético como comburente, variando la proporción de cada uno de ellos dependiendo del 
metal a analizar. 
Para la realización del análisis, la muestra se somete a una etapa de digestión previa 
mediante el siguiente procedimiento: 
Se coloca aproximadamente 1 gramo de muestra en un crisol de porcelana y se 
calcina en un horno a 550ºC durante 1 hora. Tras dejar enfriar, se añaden 10 mL de ácido 
clorhídrico (37 % de riqueza). Las muestras se llevan a sequedad en una placa calefactora a 
150ºC. Finalmente, se añaden 20 mL de ácido clorhídrico (2N). El contenido de los 
crisoles se lleva a un matraz aforado de 100 mL mediante filtrado, con la ayuda de un 
embudo y papel de filtro, y la disolución filtrada se lleva al volumen de 100mL con agua 
ultra-pura obteniendo la disolución que será analizada. 
Los metales analizados son Cobre (Cu), Cadmio (Cd), Cromo (Cr), Plomo (Pb), 
Niquel (Ni) y Zinc (Zn), cuya concentración se determina en ppm (mg/L). 
Tras la digestión, comienza el análisis de la muestra comienza con su nebulización, 
de manera que las partículas más pequeñas pasan al mechero donde se atomizan totalmente 




a altas temperaturas, el resto es drenado a un depósito de almacenaje. Una vez la muestra 
está atomizada, se incide con un haz de luz procedente de una lámpara. Se utiliza una 
lámpara, con una longitud de onda específica, para cada uno de los metales que se analiza. 
Parte del haz de luz será absorbido por un determinado metal y el resto llega al detector. El 
software calcula la diferencia entre el haz de luz emitido y el que, posteriormente, ha 
llegado al detector siendo la absorción función de la concentración de metal presente en la 
muestra. 
Para el análisis de cada uno de los metales, se elabora una recta patrón con 
diluciones del metal en diferente concentración. Dichas diluciones son preparadas a partir 
de patrones comerciales de 1000 ppm de concentración. En el análisis de la muestra, el 
software compara la señal de la muestra, con respecto a la recta patrón creada, de tal 
manera que a esa señal le corresponde una determinada concentración. 
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RESULTADOS Y DISCUSIÓN /  











4.1 PLANTEAMIENTO CIENTÍFICO 
 
 Los residuos agroindustriales suponen un problema ambiental debido a su alta 
carga orgánica y elevado volumen de generación, por lo que es necesario aplicar un 
método de gestión que permita proteger el medio ambiente, sin comprometer la viabilidad 
económica del sector productivo involucrado.  
 En primer lugar, en la presente Tesis Doctoral se ha estudiado la biometanización 
del extrusionado de fresa residual, y una vez asegurada la viabilidad en la aplicación de 
esta tecnología, se ha evaluado como mejorar la producción de metano de dicho proceso. 
El extrusionado de fresa residual presenta el inconveniente de contener una elevada 
cantidad de lignina, que es un conocido inhibidor de la digestión anaerobia. Dicha lignina 
se encuentra concentrada principalmente en los aquenios de la fresa, por lo que se ha 
estudiado si su eliminación con un pre-tratamiento de cribado mejora el proceso de 
biometanización. Los resultados han mostrado una mejora significativa en la producción de 
metano y la estabilidad, respecto al residuo bruto, como consecuencia de la aplicación del 
pre-tratamiento propuesto. 
 Una vez se ha comprobado la viabilidad de la digestión individual de la fresa, se ha 
estudiado su co-digestión con otros residuos generados en el mismo área geográfica, 
comenzando con los residuos de pescado procedentes de la industria manufacturera. En la 
Figura 4.1.1. se muestra la generación de ambos residuos por parte de las empresas de la 
zona de Huelva, asociadas al Centro Tecnológico ADESVA, que han participado en el 
presente estudio.  
Según la bibliografía consultada, el tratamiento individual de los residuos de 
pescado mediante digestión anaerobia no es viable debido a su bajo contenido en materia 




biodegradable en comparación a la elevada concentración de inhibidores, como nitrógeno o 
cloruros. Por tanto, la co-digestión con fresa se ha propuesto como método de gestión 
conjunta para ambos residuos. La proporción de residuos en la mezcla estudiada ha 
correspondido con el ratio de máxima generación de extrusionado de fresa y residuos de 
pescado en los meses en que la generación de ambos residuos coincide. Los resultados de 
este estudio han mostrado una mejora importante en la estabilidad del proceso, llegándose 




























































































Figura 4.1.1 Distribución temporal de la generación de residuos de fresa y pescado en las empresas de origen 
(Huelva, España). 
 
No obstante, el rendimiento en metano obtenido del proceso de co-digestión 
descrito previamente ha sido menor que en los tratamientos individuales, por lo que se ha 
propuesto estudiar distintos ratios de mezcla con el objetivo de optimizar el proceso y 
aumentar la producción de metano. En consonancia con los resultados obtenidos, se han 
estudiado tres ratios de mezcla, en los que el porcentaje de pescado se ha reducido debido a 
la mayor concentración de compuestos inhibidores y menor biodegradabilidad. Los 
resultados han mostrado que el ratio de mezcla con mayor cantidad de pescado ha 




presentado una mayor estabilidad, si bien el mayor rendimiento en metano ha 
correspondido a la proporción de residuos de pescado intermedia. 
A pesar de la mejora en el rendimiento en metano obtenida en el estudio previo, se 
ha propuesto la inclusión de un tercer co-sustrato en la mezcla, manteniendo el ratio entre 
fresa y pescado que presentaba mayor rendimiento en metano. Concretamente, se ha 
propuesto la adición de glicerol residual, o excedente, de la fabricación de biodiesel 
procedente de la empresa BIDA S.A., de Fuentes de Andalucía (Sevilla), y que presenta un 
bajo valor añadido debido al gran volumen generado y la presencia de impurezas que 
dificultan su utilización. Además del estudio de las variables operacionales del proceso, se 
ha realizado un balance económico para evaluar la viabilidad económica del mismo y su 
posible aplicabilidad a escala industrial. Aunque el residuo empleado fue suministrado por 
una empresa más cercana a Córdoba por motivos de logística, en el área de estudio existe 
un sector industrial dedicado a la obtención de biodiesel mediante el mismo procedimiento.   
No obstante, el tratamiento de residuos agroindustriales mediante digestión 
anaerobia puede no ser atractivo para las empresas debido a los costes iniciales de 
inversión necesarios para la implantación del sistema, máxime con los condicionantes 
económicos del mercado actual. Por tanto, una solución para mejorar su viabilidad 
económica puede ser la adaptación de sistemas de digestión anaerobia ya existentes a 
procesos de co-digestión capaces de absorber los residuos agro-industriales generados en el 
mismo área geográfica. Por ello, una opción muy adecuada podría ser emplear los 
digestores anaerobios de lodo generado en las plantas de depuración de aguas residuales 
para este fin. Por ello se ha estudiado la posibilidad de tratar el extrusionado de fresa 
residual, cuyos resultados han sido más prometedores, junto con lodo procedente de la 
depuración de aguas residuales urbanas. La adición del extrusionado de fresa ha permitido 
mejorar la eficacia de la biometanización del lodo de depuradora debido a que es un 




residuo más fácilmente biodegradable y a que ha permitido diluir los inhibidores y 
contaminantes presentes en el lodo (nitrógeno y metales pesados, principalmente). 
Por último, con el objetivo de valorizar energéticamente y aumentar la capacidad de 
tratamiento de forma simultánea, se ha estudiado el efecto de la combinación de un pre-
tratamiento térmico y la co-digestión de lodo de depuradora con extrusionado de fresa 
residual. El pre-tratamiento térmico se ha aplicado para facilitar la hidrólisis de los 
residuos, ya que es la etapa limitante de la velocidad de degradación en la co-digestión de 
lodo de depuradora y extrusionado de fresa.  
Los resultados han mostrado que el pre-tratamiento ha sido más efectivo en el lodo 
de depuradora, donde se ha alcanzado una mejora más significativa en el porcentaje de 
solubilización de materia; mientras que el pre-tratamiento térmico ha tenido un efecto poco 
significativo en el caso del extrusionado de fresa. El ensayo de digestión anaerobia de los 
residuos con y sin pre-tratamiento ha corroborado que la mayor solubilización ha 
conllevado una mayor producción de metano. Así mismo, la evaluación conjunta del efecto 
del pre-tratamiento en el lodo y su co-digestión con extrusionado de fresa sin pre-tratar ha 
dado lugar a un efecto sinérgico respecto a la digestión individual de los residuos y 
respecto a la co-digestión de ambos residuos sin pre-tratamiento. 
Estos resultados abren una puerta a la evaluación, por parte de los sectores 
interesados en la zona geográfica onubense, al tratamiento y valorización de sus residuos 
de modo que minimicen el impacto ambiental y maximicen sus beneficios económicos.  
Seguidamente se presentan seis publicaciones científicas en las que se detallan y 
discuten los resultados experimentales más relevantes obtenidos en esta Tesis Doctoral. 
 




4.2 Breve descripción del artículo ‘Biomethanization of waste derived from 
strawberry processing: advantages of pretreatment’ 
 
 Este trabajo se ha planteado para desarrollar una solución al problema ambiental 
asociado a la generación de grandes volúmenes de extrusionado de fresa durante la 
elaboración de subproductos derivados de dicho fruto. La solución elegida es la digestión 
anaerobia; ya que permite valorizar el residuo mediante la producción de biogás. No 
obstante, el problema de este residuo es la presencia de aquenios, que presentan un alto 
contenido en lignina, la cual es un conocido inhibidor del proceso de biometanización. El 
seguimiento del proceso se ha llevado a cabo a escala de laboratorio a través de las 
variables relativas a la estabilidad (pH, alcalinidad, acidez volátil), la producción de 
metano, la biodegradabilidad, parámetros cinéticos o la velocidad de carga orgánica. 
Dichas variables permiten comparar la mejora que se consigue con un pre-tratamiento 
físico de cribado para la eliminación de los aquenios. 
 Los resultados experimentales han mostrado un aumento en la producción de 
metano (cercano al 35 %) y de la velocidad de carga orgánica, pasando de 2,04 a 3,51 kg 
sólidos volátiles/m
3
·d. Así mismo, el proceso ha sido más estable, aunque se ha observado 
la aparición de un proceso de inhibición en las concentraciones de carga más elevadas.  
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Abstract 
The strawberry-tasted food is one of the most demanded products in the modern 
society, generating more than one harvest per year even at unfavorable environmental 
conditions thanks to the growing into green-houses. The manufacturing of products derived 
from strawberry generates a high volume of organic waste which presents environmental 
problems in the generation areas, being compulsory to evaluate different technical 
management solutions. When the objective is to produce biogas through biomethanization, 
the anaerobic valorization of this residue is problematic due to the presence of lignin 
concentrated in the achenes, which entails the destabilization of the process. Improvement 
of the mesophilic anaerobic digestion process using a pre-treatment with sieving was 
evaluated at laboratory scale by comparing the anaerobic digestion of raw strawberry waste 
and pretreated waste. The results showed an enhancement of the stability for the pretreated 
waste, while biodegradability was found to be 90% in VS (total volatile solids). Moreover, 
the proposed pre-treatment led to a 36% improvement in methane production yield (230 
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versus 312 mLSTP CH4/g VSadded) (STP: 0 ºC, 1 atm), gas with high caloric power. 
Additionally, the permitted OLR (Organic loading rate) was again considerably higher for 
the pretreated waste (5.3-2.8 versus 8.0-12.0 kg waste/m
3
·d), permitting to treat much 
more waste. Nevertheless, an inhibition phenomenon was observed for increasing loads, 
although it was stronger and occurred at lower loads of untreated waste. 
Keywords: Anaerobic digestion; Biodegradability; Kinetics; Mesophilic temperature; 
Methane yield coefficient; Strawberry waste 
 
1. Introduction 
According to the Statistical Database of the Food and Agriculture Organization of 
the United Nations (FAOSTAT), world strawberry production in 2009 was 4.1 million 
tons. The USA is the first producer with 30.7% (1.2 million tons) of total production 
focused in California area, followed by Turkey with 7.1% and Spain 6.4%. Spain produces 
50% of all strawberries in Europe (315,000 tons per year), although 95% of strawberry 
production in the country is concentrated in the province of Huelva (SW of Spain). The 
strawberry (Fragaria x ananassa) is one of the most commonly consumed berries. 
Strawberries are used not only for direct consumption, manufacture of food strawberry 
products such as marmalade, yogurt, ice creams, drinks, cakes, sweets, flavors, but also in 
the industry of cosmetics, perfume, air freshener or pharmaceuticals (around 15% of total 
production) (National Agricultural Statistics Service, USDA-NASS). Also, due to their 
high content in antioxidant micronutrients such as vitamin C and folate; and high variety 
and content of antioxidant polyphenolic constituents such as flavonoids, hydrolyzable and 
condensed tannins, and phenolic acids. For this reason, the strawberry has recently drawn 
much attention in the field of food technology (Seeram et al., 2006; da Silva et al., 2010). 
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However, strawberry production results in the discharge of crop plastics and large 
quantities of high organic strength solid wastes mainly comprised of defeat strawberries 
that do not meet strict quality standards for commercialization and extrude derived from 
the manufacture of strawberry mash used to produce secondary products. 
The free disposal of this waste presents a serious challenge to natural ecosystems 
and can cause considerable environmental and toxicological problems such as pollution of 
local water courses by lixiviates generated after its disposal in landfill, uncontrolled global 
warming gas production, unpleasant smells and landfill congestion. Consequently, 
strawberry processing industries have been forced to seek effective treatment technologies 
that are not only beneficial to the environment but also cost effective in order to fulfill the 
strict quality standards regarding environmental protection that are currently being 
developed. As far as integrated solid waste management systems are concerned, they 
incorporate all the policies, programs and technologies that are necessary to manage the 
waste streams. The mix and emphasis of approaches that are taken, generally vary from 
region-to-region and depend on local conditions (UNEP, 2005). 
Although strawberry waste might be used as a raw material in the manufacture of 
cattle feed or simply for burning (Lapuerta et al., 2008; Ghani et al., 2009), both 
approaches require an expensive drying pre-treatment to avoid putrefaction processes (in 
the case of animal feed manufacture) or to maintain self-sustaining combustion (for 
valorization as a combustible). Anaerobic digestion is an interesting alternative given that 
this technique is characterized by low levels of biological sludge, low nutrient 
requirements, high efficiency, the production of methane, which can be used as an energy 
source and generation of stabilized fertilizer, recovering N and P by the soil (Koroneos and 
Nanaki, 2012). 
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Nevertheless, strawberry waste contains more than 1.2% wt. of lignin. This lignin is 
mainly concentrated in the fruity fraction (dark brown granules) and can liberate phenolic 
compounds under anaerobic conditions. These compounds have been reported to be strong 
inhibitors of the microbial consortia involved in the valorization process (Chen et al., 
2008). Although lignin concentration in anaerobic digesters treating fruits and vegetables 
has been reported to not exceed 0.45 g of lignin/kg of wet waste, the toxicity of phenols 
varies depending on the specific nature of each phenolic compound, the operational 
conditions or the length of the acclimatization phase (Bouallagui et al., 2003). Specifically, 
phenolic compounds can efficiently accumulate in the walls of the bacteria, causing serious 
structural anomalies and disturbing the proton gradient. In general, the inhibitory limit in 
anaerobic digesters has been reported to be higher than 1000 mg/L (Fedorak and Hrudey, 
1984), but the literature in this regard is highly complex and often contradictory, making it 
impossible to draw reliable conclusions on inhibition concentrations. 
Therefore, the use of methods to remove or counteract inhibitory compounds such 
as lignin or some derivate compounds before anaerobic digestion might be advisable in 
order to significantly improve the yield and efficiency of this revalorization process. In 
fact, different wastewater or solid residue (vegetables or fruits) pretreatments, such as bio-
chemical, acidic or alkaline, heat-shock, freezing and advanced oxidation processes, have 
been proposed prior to several biological processes (Mohammadi et al., 2011). 
Nevertheless, a common feature of all these methods is their relatively high cost, their 
complexity and, in the case of certain methods, their low applicability for solid waste 
treatment and the simultaneous creation of other hazardous by-products or pollutants. 
As a consequence of these considerations, the main purpose of this study is to 
evaluate the performance and stability of the anaerobic digestion of waste derived from 
strawberry processing after carrying out a conventional physical pre-treatment with sieving 
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to remove the lignin-rich fraction. The study was carried out in four batch laboratory-scale 
reactors at mesophilic temperature (35 ºC). 
 
2. Materials and methods 
2.1. Experimental set-up 
The experimental set-up used for the anaerobic digestion of strawberry waste 
consisted of four 1-L Pyrex reactors in mesophilic conditions, working in batch mode, as 
described by Siles et al. (2010). The reactors were inoculated with granular biomass 
showing high methanogenic activity, which was obtained from a full-scale anaerobic 
reactor used to treat brewery wastewater from the Heineken S.A. Factory (Jaen, Spain) (pH 
= 7.84; VS (total volatile solids) = 65,300 ± 50 mg/L) and sludge from a full-scale 
anaerobic reactor used to treat urban wastewater in Seville (Spain) (pH = 7.72; VS = 
13,500 ± 50 mg/L) with high hydrolytic activity in a VS proportion of 70:30, respectively. 
Mixing different types of sludge has been widely reported to be beneficial for achieving 
greater treatment efficiency given that the successful starting of a digester depends on 
reaching a correct equilibrium among the different types of microorganisms that take part 
in the metabolic routes (Rittmann and McCarty, 2001). The methane production rate of the 
combined inoculum was observed to be 170 mLSTP CH4/g CODadded·h (CODadded: added 
chemical oxygen demand). 
2.2. Strawberry waste 
The raw material used as substrate was strawberry waste derived from the 
manufacture of strawberry mush used to produce secondary products. The strawberry mush 
employed defective strawberries that did not meet quality standards for direct 
J.A. Siles et al. / Journal of Cleaner Production 42 (2013) 190-197                                            
94 
 
commercialization, although an early crop oriented principally at the manufacturing of 
secondary products is also grown annually. Strawberry waste, which was provided by the 
ADESVA Technology Center of Huelva, showed the following chemical characteristics: 
Moisture: 77.92 ± 0.24%; TS (Total solids): 22.08 ± 0.24%; MS (Mineral solids): 0.91 ± 
0.13%; VS: 21.17 ± 0.24%; COD (Chemical oxygen demand): 1360 ± 45 mg O2/g sample, 
dry basis; N-Total: 5.48 ± 0.16 mg N-NH4
+
/g sample, dry basis; N-NH4
+
soluble: 5.38 ± 
0.55 mg N/g sample, dry basis; P-total: 5.38 ± 0.55 mg P/g sample, dry basis; Lignin: 26 ± 
0.6% wt., dry basis; Higher Caloric Power: 5081±17 kcal/kg; Empirical formula: 
C3687H5224O2160N142S1. 
The mean annual strawberry waste production in the study area is 2500 Ton. This 
waste is mainly managed by landfilling nowadays, generating greenhouse gases and 
polluting leachates. The COD:N:P ratio in strawberry waste, which is an important nutrient 
proportion to ensure the correct working of the anaerobic digestion process, was found to 
be 265:1:1. However, this ratio has been reported to be in the broad range from 50:4:1 
(Thaveesri, 1995) to 350:5:1 (Brunetti et al.,1983), respectively, for anaerobic reactors to 
operate correctly. On the other hand, as can be seen, strawberry waste contains lignin, 
which is mainly concentrated in the fruity fraction. Specifically, the fleshy and edible part 
of the strawberry is a receptacle and the dark brown parts that are sometimes mistakenly 
called ‘seeds’ are achenes, which are the real fruits where the lignin is principally 
concentrated. In fact, each strawberry is not a fruit, but a bunch containing around 150-200 
little fruits or achenes (Esau, 1977). 
Problems such as low gas yield during the anaerobic digestion of crop residues are 
usually associated with a high C/N ratio or high lignin content (Chen et al., 2008). 
Consequently, the strawberry waste was first subjected to sieving (1 mm mesh size) with 
the addition of distilled water to minimize the presence of lignin-rich achenes. 
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Nevertheless, some additional organic matter from the fleshy part (around 33% in COD) 
was inevitably removed as well due to its fibrous texture. However, given that the lignin 
content in the strawberry extrude was found to be 26% wt., which accounted for 25% of 
VS, fibrous organic matter loss might not be considered significant. The resulting 
pretreated waste was blended and diluted with distilled water to facilitate the handling and 
feeding process of the digesters, thus improving the homogenization of the waste and 
preventing organic overload as reported by other authors (Cheng et al., 2011). The 
resulting strawberry-water mixture comprising 1535 g wet strawberry waste and 2000 mL 
H2O showed a pH value of 3.4 ± 0.4, CODtotal: 27,445 ± 1490 mg/L (CODtotal: total 
chemical oxygen demand), TS: 21,990 ± 50 mg/L, MS: 1930 ± 50 mg/L and VS: 20,060 ± 
210 mg/L. 
2.3. Anaerobic digesters. Experimental procedure 
The anaerobic reactors were initially loaded with 7 g VS of granular sludge with 
high methanogenic activity and 3 g VS of sludge with high hydrolytic activity as inoculum. 
In order to biostimulate the biomass prior to the experiments, the reactors were first fed 
with a synthetic solution composed of glucose, sodium acetate and lactic acid at 
concentrations of 50 g/L, 25 g/L and 21 mL/L, respectively. 
During this initial period, the organic load added to the reactors was gradually 
increased from 0.25 to 1.00 g COD/L over a 22-day period. Aiyuk et al. (2006) described a 
COD:N:P ratio of 300:5:1 for the start-up of the process. The nutrients (mainly nitrogen 
and phosphorus) and trace element solutions described by Fannin (1987) and Field et al. 
(1988) were therefore added when the sludge was loaded. Both solutions are very 
important for activating microbial growth and metabolism at the beginning of the process. 
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The maximum duration of each assay was 4 h for all the reactors (Organic loading rate 
(OLR): 0.73-2.93 kg VS/m
3
·d). 
After this initial stage, biomass acclimatization was carried out. The reactors were 
fed with 1.00 g COD in which the percentage of problem substrate used (expressed as 
COD) was increased from 25% to 100% after several loads (OLR: 1.53-2.12 kg VS/m
3
·d). 
Two reactors were acclimatized to the raw strawberry waste (untreated residue) and 
another two reactors to the pretreated strawberry waste (achene-free residue) in order to 
compare the effect of the pre-treatment on the subsequent anaerobic test. During this 
acclimatization period, the volume of methane was measured as a function of time.  
During the set of experiments using the raw waste, the organic load added to the 
reactors was then gradually increased from 1.00 to 1.75 g COD (0.73-1.24 g VS, which 
corresponds to an OLR range from 0.58 to 2.47) at intervals of 0.25 g COD; each load was 
carried out at least in duplicate. For the pretreated waste, the organic load was increased 
from 1.00 to 3.00 g COD (0.73-2.17 g VS, which corresponds to an OLR range from 1.67 
to 3.51) with intervals of 0.50 g COD. In all cases, the volume of methane was measured 
as a function of time and samples were taken and analyzed before and after feeding. The 
duration of each experiment was equal to the time interval required for maximum gas 
production and CODremoval, specifically 52 h for the raw strawberry waste and 25 h for the 
pretreated waste in the experiments with the highest loads. 
2.4. Chemical analyses 
The following parameters were determined in the effluents of each load: pH, total 
chemical oxygen demand (CODtotal), soluble chemical oxygen demand (CODsoluble), total 
solids (TS), mineral solids (MS), volatile solids (VS), volatile acidity (VA), alkalinity 
(Alk), total nitrogen (N-Total), ammonia nitrogen (N-NH4
+
) and soluble phosphorus (P-
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Psoluble). All analyses were carried out in accordance with the Standard Methods of the 
APHA (1989). On the other hand, the same parameters, including moisture, were analyzed 
to characterize the strawberry waste following the test methods for the examination of 
composting and compost developed by the US Department of Agriculture and the US 
Composting Council (2001). Moreover, the lignin content in the strawberry waste was 
determined according to the TAPPI T 222 OM-88 Standard. 
2.5. Software 
Sigma-Plot software (version 11.0) was used to create the graphs, perform the 
statistical analysis and fit the experimental data presented in this work. 
 
3. Results and discussion 
3.1. Monitoring parameters and stability 
Fig. 1 shows the variation in the pH and volatile acidity/alkalinity ratio in the 
effluents of the reactors with the load added (g VS) of raw strawberry waste (A) and 
pretreated strawberry waste (B). As can be seen, the pH in the reactors fed with the raw 
strawberry waste remained approximately constant for all the loads added with a mean 
value of 8.28 ± 0.11, which is slightly higher than the optimal range (Fannin, 1987). In 
contrast, the pH in the reactors loaded with the pretreated strawberry waste decreased from 
8.44 ± 0.25 to 7.15 ± 0.05 in the range of loads studied, but no acidic pH was reached. This 
decrease might be due to the accumulation of short chain volatile organic acids (VOA) 
with increasing loads, which were considerably higher than those carried out with the raw 
strawberry waste. Some authors have described that this imbalance may be a consequence 
of the presence of pesticide and herbicide residues in the substrate being anaerobically 
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treated (Khalil et al., 1991; Chakraborty et al., 2002). On the other hand, the buffering 
capacity of the experimental system was maintained at favorable levels with excessive total 
alkalinity present at all loads, which showed mean values of 5050 mg CaCO3/L and 4385 
mg CaCO3/L in the reactors loaded with the raw and pretreated strawberry wastes, 
respectively. This appropriate buffering capacity prevents the acidification of the reactors 
that could be caused by a sudden overloading or by the presence of toxic compounds or 
inhibitors in the substrate (Rowena et al., 2009). Moreover, the volatile acidity/alkalinity 
ratio can be used as a measure of process stability: when this ratio is less than 0.3-0.4 the 
process is considered to be operating favorably without the risk of acidification (Balaguer 
et al., 1992). Fig. 1 also shows the variation of this ratio as a function of the load (g VS) 
fed to the reactors. As can be seen, this ratio reached a mean value of 0.17 ± 0.02 in the 
reactors fed with raw strawberry waste, while this variable showed an increasing tendency 
with pretreated strawberry waste, thus ratifying the accumulation of VOA. Nevertheless, 
the volatile acidity/alkalinity ratio was always found to be lower than the suggested limit 
value. Consequently, the stability suggests that the pretreated waste seems to be the most 
appropriate choice for revalorizing strawberry waste under the study conditions given that 
the reactors operated favorably for a wider loading range. 
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Fig. 1. Variation in pH and volatile acidity/alkalinity ratio in the effluents of the reactors as a function of the 
load added (grams of VS) of raw strawberry waste (A) and pretreated waste (B). 
 
3.2. Methane yield coefficient and biodegradability of strawberry waste 
The methane yield coefficients were determined from the experimental maximum 
methane volume produced (GT) and the load added to the reactors (g VS), which were 
known in each case. By fitting (GT, VSadded) value pairs to a straight line (Fig. 2A), the 
methane yield coefficient coincides with the slope of the regression line. It must be pointed 
out that the fitting was carried out in the value pairs that showed linearity. Specifically, in 
loads between 0.73 and 1.07 g VS for raw strawberry waste and 0.73 and 1.46 g VS for 
pretreated strawberry waste, the methane yield coefficient was found to be 230 mLSTP 
CH4/g VSadded (49 LSTP CH4/kg raw strawberry) and 312 mLSTP CH4/g VSadded (88 LSTP 
CH4/kg pretreated waste), respectively. At higher loads a reduction in methane production 
was observed, thus indicating the occurrence of an inhibition phenomenon in both cases. 
However, the pretreated waste not only allowed a wider range of loads to be carried out, 
but also enhanced the methane yield coefficient by 36%. This value is similar to those 
described by other authors for vegetable and fruit wastes. Rowena et al. (2009) studied the 
effect of adding enzymes on the anaerobic digestion of Jose Tall Wheat Grass (Agropyron 
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elgongatum) and observed a methane yield of 150 mLSTP CH4/g VSadded without pretreated 
substrate and 160 mLSTP CH4/g VSadded with the enzyme pretreated grass in one-stage 
thermophilic digesters. For the anaerobic digestion of orange processing wastes at pilot 
scale, Srilatha et al. (1995) described a biogas yield of 450 mLSTP biogas/g VSadded (48% 
methane) over a six-month period at a 6% loading rate. After a fungal pre-treatment, the 
obtained methane yield was 600 mLSTP biogas/g VSadded (55% methane) at an 8% loading 
rate, resulting in a 33% improvement in biogas yield. Moreover, Yuan et al. (2011) 
described a methane yield of 190 mL/g VS for the mesophilic anaerobic digestion of blue 
algae in a continuously stirred tank reactor (4.5 L), suggesting the suitability of carrying 
out a substrate pre-concentration in order to optimize the process efficiency. 
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Fig. 2. Variation of the experimental maximum methane volume produced (CH4) (at 1 atm, 0 ºC) with the VS 
added to obtain the methane yield coefficient of the process with raw strawberry waste (black circles) and 
pretreated strawberry waste (grey circles) (A) and comparison between experimental maximum methane 
production (Gexp) values and theoretical values (Gsimulated) predicted by Eq. (1) (B). 
 
Studying the removed organic matter percentage is as important as evaluating the 
methane production coefficient in order to determine waste biodegradability. The high 
biodegradability of strawberry waste can be demonstrated by plotting the amount of 
substrate removed against the substrate added for all the experiments carried out. Fig. 3 
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shows these data in such a manner that the slope of the straight line obtained coincides 
with the percentage of the biodegradability of raw strawberry waste (A) and pretreated 
strawberry waste (B), which were found to be around 87% and 90%, respectively. 
Although the difference between these values might not be significant, biodegradability 
remained constant throughout the loads with pretreated waste, even for the highest loads, 
whereas this did not occur for the raw strawberry waste even at lower loads. On the other 
hand, at the highest loads with pretreated strawberry waste (>1.46 g VS) the linearity of the 
biodegradability and the decrease in methane production ratifies the occurrence of an 
inhibition phenomenon in which the VSremoved (VSremoved: removed total volatile solids) is 
oriented more towards cell maintenance and metabolism than methane production. In all 
the cases, the reactors contained soluble and/or non-biodegradable VS before adding the 
substrate, which accounted for 0.12 and 0.13 g VS/L for the raw strawberry and pretreated 
waste, respectively. Bouallagui et al. (2003) studied the anaerobic digestion of fruit and 
vegetable waste under mesophilic conditions with different bioreactors systems at lab 
scale. They established a VSremoval of 65% in a batch reactor, 76% in a continuous tubular 
reactor and 94% with a two stage system (solid bed hydrolyzer and UASB methanizer). 
Lane (1984) determined the VSremoval for some fruits in a mesophilic semi-continuous 
stirred anaerobic digestion process, obtaining values of 88% for apple, 93% for pineapple, 
95% for sugar beet and 96% for apricot. In a one-stage thermophilic anaerobic process of 
A. elgongatum, Rowena et al. (2009) reported a VSremoval of 48% and a VSremoval of 45% 
after an enzymatic pretreatment, indicating that the addition of the enzymes did not 
produce significant effects on process efficiency. 




Fig. 3. Plot of the amount of substrate removed against the added substrate for all the experiments to obtain 
the biodegradability percentage of raw strawberry waste (A) and pretreated strawberry waste (B). 
 
Taking into account stability, methane production, loading range and waste 
biodegradability, the pretreated strawberry waste would be the best choice. A high 
percentage of the substrate would be removed, thus producing a larger amount of methane 
under more stable conditions at a wider loading range. The combustion of methane 
generates some CO2 that, together with the CO2 in the biogas, is not counted as polluting 
CO2 in a life cycle assessment of renewable biomass sources. The nutrients contained in 
the non-biodegradable substrate would be recovered by the soil if a subsequent composting 
process was carried out in order to stabilize the remnant organic matter according to the 
agricultural fertilizer regulation (McManus, 2010; Demirbas et al., 2009). Thus, an 
interesting tool in order to identify the unit processes in the lifecycle of biogas production 
and utilization is the Life Cycle Inventory (LCI) which develops an estimation of the air 
reduction emissions, with the consequent potential for environmental improvement. 
3.3. Kinetics of methane production 
Fig. 4A shows the variation of accumulated methane yield coefficient (YCH4/S) from 
raw and pretreated strawberry waste with time. As can be observed, the methane yield 
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coefficient was found to be higher for the pretreated waste than the values observed for the 
untreated strawberry waste. Moreover, in order to characterize each experiment kinetically 
and thus facilitate further comparisons, the following pseudo-first order kinetic model was 
used to fit the variation of the volume of methane accumulated (G) as a function of time 
for the different loads of raw and pretreated strawberry waste. The variable concerned is 
the amount of substrate added to the reactors (Borja et al., 1995): 




t)]    (1) 
where G is the volume of methane accumulated (mLSTP) at a given time t (h); Gm is the 
maximum methane volume accumulated at an infinite digestion time; and K’G is an 
apparent kinetic constant for methane production (h
-1
), which included the biomass 
concentration: 
KG’ = KG·X      (2) 
where KG is the specific rate constant for methane production (L/g h) and X is the 
biomass concentration (g VSS/L) (VSS: volatile suspended solids). Experimentally, the 
results show that the methane volume increased with increasing loads, and that the time 
required for the complete removal of the biodegradable fraction at the highest loads added 
was 52 h for the raw strawberry waste and 25 h for the pretreated waste. As can be seen in 
Fig. 4A, the solid line obtained from Eq. (1) shows a good fit with the experimental data. G 
was zero at t = 0 and the rate of gas production became zero a t equal to infinite. Moreover, 
the slopes of the tangent straights to the curves decreased with increasing time, which can 
be ascribed to the gradual decrease in the concentration of biodegradable substrate. Thus, it 
seems appropriate to apply the proposed kinetic model for all the loads studied with the 
problem substrates.  
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Fig. 4. Variation of accumulated methane yield coefficient (YCH4/S) from raw and pretreated strawberry waste 
with time (A) and variation of the apparent kinetic constant (K’G) against the added substrate for all the 
experiments (B). 
 
Additionally, the values of K’G and Gm for each load were calculated numerically 
from the experimental data obtained by nonlinear regression using Sigma-Plot software 
(version 11.0). Fig. 4B shows the variation in the K’G values obtained for raw and 
pretreated strawberry waste with the load added to the reactors. As can be observed, the 
K’G values for raw strawberry decreased exponentially from 0.440 to 0.035 h
-1
 under the 
study conditions, whereas the K’G values for pretreated strawberry waste showed a sigmoid 
tendency in the range of loads fed (from 0.398 to 0.112 h
-1
). Although a marked decrease 
was observed in both cases, the decrease was higher in the first case (around 92%) than for 
the second (72%), even at a shorter loading range. Considering that the biomass 
concentration remained virtually constant throughout the experiments, which was expected 
taking into account the low microorganisms yield coefficient (0.02-0.06 g VSS/g COD) 
(Gujer and Zehnder, 1983; Speece, 1983), this decrease in K’G values indicated that a more 
severe inhibition phenomenon took place when integral strawberry waste was fed. This 
suggests that the pretreatment to remove lignin is suitable. 
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Furthermore, in order to evaluate the variation in the methane production 
experimental data, the theoretical values of maximum methane production (Gm) were 
calculated using Eq. (1) and plotted against their corresponding experimental values (Fig. 
2B). These calculations have been performed so as to give an error band of 10%. As can be 
seen, the deviations obtained were lower than 10% in practically all cases (85%), thus 
suggesting that the proposed model can be used to accurately predict the behavior of these 
reactors, and that the parameters (Gm, K’G) obtained represent the activity of the 
microorganisms affecting the anaerobic digestion of strawberry waste. On the other hand, 
the methane production rate (rG, LSTP/h·m
3
) is an important variable for evaluating the 
viability of the anaerobic treatment. The methane production rate may be obtained from 
Eq. (1): 
rG = [Gm·KG’]·exp (-KG
’ 
t)      (3) 
Table 1 shows the mean methane production rate obtained by applying this 
expression to the data obtained for the different loads with raw and pretreated strawberry 
waste. In order to perform this calculation, we used the time in which 95% of the total 
volume of methane was produced with each load. As can be observed, the mean methane 
production rate was always higher for the pretreated strawberry waste than for the raw 
waste, suggesting that the raw waste was less available for the anaerobic consortia to be 
transformed into methane. Specifically, this variable varied in the range of 2.81-0.76 
LSTP/h·m
3
, for raw strawberry waste and 7.27-3.05 LSTP/h·m
3
, for pretreated waste. 
Although an inhibition phenomenon was again observed for increasing loads, it was 
stronger for untreated waste. This fact was also ratified by plotting the time needed to 
achieve 95% of the maximum methane production observed with each load added to the 
reactors (Fig. 5A). This time showed a marked enhancement when the load of raw 
strawberry waste was increased (from 7 to 51 h), while a smoothed variation was observed 
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for the pretreated waste (from 8 to 20 h). Although these methane production rate values 
are lower than those described by other authors for other fruit wastes, the valorization of 
strawberry waste seems to be more promising after carrying out the lignin removal pre-
treatment. Borja et al. (1995) reported a methane production rate of 14.8-32.9 mL/h for 
mesophilic anaerobic digestion of olive mill wastewater, whereas Zhang et al. (2007) 
observed a maximum methane production rate in the range of 25-31 mL/h·L in the 
anaerobic digestion of food wastes at thermophilic temperature. 
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Fig. 5. Plot of the time needed to achieve 95% of the maximum methane production observed with each load 
added to the reactors (A) and variation of the quotient between the OLR of pretreated waste and the OLR of 
raw waste against the variation of the I/S ratio at double logarithmic scale (B). 
 
3.4. Organic loading rate 
One of the most interesting variables to be determined in the anaerobic treatment of 
wastes is the treatment capacity of the process, which may be measured through the rate of 
substrate addition or OLR. The OLR is a variable that relates the quantity of VS or COD 
that is added with the reactor volume and time. On the other hand, it is widely accepted 
that an appropriate inoculum/substrate ratio is important in batch digestion tests to evaluate 
the feasibility and degree of anaerobic digestion of different organic materials, although 
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there is no exact specification regarding the best ratio. Raposo et al. (2009) determined that 
the mesophilic anaerobic digestion of sunflower oil cake was stable for I/S ratios from 3.0 
to 0.8. However, the process was unviable at lower I/S ratios. Moreover, Lü et al. (2012), 
who studied the mesophilic digestion of vegetable waste, reported the enhancement of the 
methane yield from 34 to 285 mL/g VSadded when the I/S varied in the range 0.113-1.105. 
But this enhancement is not unlimited, reaching a maximum yield when the process is not 
limited by the inoculum concentration. The microbial growth from a very small or a large 
inoculum/substrate ratio is often inadequate (Dechrugsa and Chaiprapat, 2012). Table 1 
shows the variation of the OLR (kg VS/m
3
·d) with the inoculum/substrate (I/S) ratio 
expressed as g VSinoculum/g VSadded load. To determine the allowed OLR, we considered the 
time required to reach 95% of the total methane production for each load added to the 
reactors with raw strawberry and pretreated strawberry waste. As Table 1 shows, the 
allowed OLR was always higher for the pretreated strawberry waste under the study 
conditions. Specifically, the OLR for pretreated strawberry waste varied from 1.67 to 3.51 
kg VS/m
3·
d (8.0-12.0 kg waste/m
3
·d) in the I/S range of 13.70-4.61 g VSinoculum/g VSadded, 
whereas the OLR was found to be in the range of 2.47 to 0.58 kg VS/ m
3
·d (5.3-2.8 kg 
waste/ m
3
·d) for an I/S ratio with raw strawberry waste of 13.70-8.06 g VSinoculum/g 
VSadded. Moreover, although in both cases this variable decreased with a decrease in the I/S 
ratio as a consequence of the enhancement of the load added, the OLR reduction was again 
higher for the raw strawberry waste. On the other hand, in order to ratify the clear 
relationship between the OLR and the I/S ratio, the quotient between the OLR of pretreated 
waste and the OLR of raw waste was plotted against the variation of the I/S ratio at double 
logarithmic scale (Fig. 5B). As can be observed, the quotient between the OLRs enhanced 
with the decrease in the I/S ratio (increasing waste loads), thus ratifying the higher values 
of the OLR with the pretreated waste. The observed OLRs were in line with the OLR 
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described by Gómez et al. (2006), who studied the co-digestion process of fruit and 
vegetable wastes with primary sludge under mesophilic and low mixing conditions in four 
3-L reactors. They determined an OLR between 0.82 at 1.10 kg VSadded/m
3
·d. Therefore, 
the proposed pretreatment of sieving leads increased volume of strawberry waste to be 
treated; specifically the treatment capacity was enhanced from 5.3 kg raw strawberry 
waste/m
3
·d to 12.0 kg pre-treated waste/m
3
·d, which is more than two times higher, at the 
highest OLR determined for each experiment. 
Table 1. Variation in the mean methane production rate (rG) observed for increasing loads with raw and pre-















Raw strawberry waste 
1.00 0.73 13.70 2.81 2.47 
1.25 0.89 11.24 1.00 1.03 
1.50 1.07 9.17 1.66 1.00 
1.75 1.24 8.06 0.76 0.58 
Pretreated strawberry waste 
1.00 0.73 13.70 7.27 2.04 
1.50 1.09 9.17 6.28 3.51 
2.00 1.46 6.85 4.72 2.54 
2.50 1.82 5.49 3.23 1.67 
3.00 2.17 4.61 3.05 2.54 
 
Consequently, the appropriate management of this waste allows diminishing its 
environmental impact and toxicological risk on the human health according to the strict 
quality standards that are being developed. Likewise, the waste obtained after the 
pretreatment (achenes), which presents high concentration of lignin is an excellent 
substrate to be valorized through the production of phenol-formaldehyde resins, 
polyurethanes, acrylates, epoxides and composites, for the production of gases synthesis by 
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pyrolysis or fuel gases by gasification (Sánchez et al., 2011). On the other hand, the 
biomethanization produces methane, which is a renewable fuel, and a digestate that may be 
used as organic amendment in agriculture. Thus, it might be possible to recover some 
nutrients such as carbon, nitrogen and/or phosphorous for agricultural systems, decreasing 
the dependence on chemical fertilizers and the enhancement of the sustainability of the 
nutrients cycle, with the consequent social, economic and environmental benefits. In 
general, this research contributes to develop a biorefinery approach, which can take 
advantage of the differences in biomass components and intermediates, and maximize the 
value derived from the biomass feedstock, while producing little waste.  
 
4. Conclusions 
The results obtained through this research study reveal that strawberry waste after 
carrying out a conventional physical pretreatment with sieving has a high level of 
anaerobic biodegradability (90% in VS) and that a substantial quantity of methane can be 
obtained this way (312 mLSTP CH4/g VSadded) in the OLR range from 2.04 to 3.51 kg 
VS/m
3
·d. Moreover, the process occurred under more stable conditions than those 
observed for raw strawberry waste, although an inhibition phenomenon was observed at 
the highest loads. Consequently, the integration of physical-biological treatments could be 
a viable option for the valorization of this hazardous waste through a more environment-
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4.3 Breve descripción del artículo ‘Agri-food waste valorization through anaerobic 
co-digestion: fish and strawberry residues’ 
 
 Aunque el pretratamiento de cribado mejora la biometanización del extrusionado de 
fresa, la desestabilización del proceso por inhibición hace recomendable la búsqueda de 
nuevas alternativas al tratamiento de este residuo. Una de las posibles opciones es su co-
digestión con otro sustrato biodegradable que permita diluir los compuestos inhibidores, 
compensar el balance de nutrientes disponibles y aumentar la biodiversidad en los 
digestores anaerobios. Por ello, se ha propuesto la digestión conjunta de extrusionado de 
fresa con residuos de la conserva de pescado, concretamente de melva. Este residuo 
además de aportar nitrógeno a la mezcla, es generado en la misma área geográfica que la 
fresa, por lo que podría ser viable su tratamiento conjunto en una instalación centralizada. 
En este sentido, se ha propuesto una ratio de mezcla de 80:20, en DQO, de extrusionado de 
fresa y residuos de pescado, respectivamente. Esta mezcla corresponde al ratio de los 
meses de máxima generación de extrusionado de fresa, ya que la melva se genera de forma 
constante durante todo el año.  
 La evaluación de la viabilidad del proceso de co-digestión se ha llevado a cabo 
mediante el seguimiento de las variables de estabilidad típicas, así como la producción de 
metano, la biodegradabilidad, parámetros cinéticos y la variación en la concentración de 
compuestos inhibidores (nitrógeno, fósforo y cloruros). A la luz de los resultados se ha 
concluido que la co-digestión de extrusionado de fresa y pescado mejora la estabilidad del 
proceso. Si bien, el alto contenido en cloruros y nitrógeno que aporta el residuo de pescado 
reduce sustancialmente el rendimiento en metano, pasando de 312 a 120 NmL/g sólido 
volátil.   
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Abstract 
The generation of fish waste is an environmental problem mainly associated to the 
canning industry in many Mediterranean countries. The application of anaerobic digestion 
is not advisable, however, due to the organic matter deficit in the chemical oxygen 
demand:nitrogen:phosphorus ratio (COD:N:P) of this waste, which entails the 
destabilization of the process. The co-digestion of fish waste with residual strawberry 
extrudate was evaluated at laboratory scale under mesophilic conditions. Strawberry waste 
increased the organic matter concentration in the mixture and diluted the inhibitory 
compounds contained in the fish waste, such as chloride, nitrogen and phosphorus. Co-
digestion improved the stability of the treatment, while biodegradability was found to be 
83% in total volatile solids. Moreover, the methane production yield reached a mean value 
of 120 mL/g total volatile solids (at 1 atm, 0 ºC) for an organic loading rate in the range of 
22.8-50.6 kg waste mixture/(m
3
·d), while the digestate was rich in nutrients, which might 
enable it to be used as an organic amendment in agriculture. 
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The world consumption of canned fish accounts for 15% of total consumed fish, 
although the percentage of manufactured fish may reach as high as 60% in Europe and the 
US. However, canning factories generate large volumes of polluting wastes (mainly fish 
heads, viscera and backbones; 45% of the fish weight) without economic value and a high 
organic matter concentration. On the other hand, the production of strawberries is an 
international market and an important component of the agricultural sector of the US and 
many Mediterranean countries. In 2011, world strawberry production was 4.6 million 
tonnes, with the US being the first producer accounting for 28.6% of total production, 
followed by Spain with 11.2% and Turkey 6.6% (Statistical Database of the United 
Nations Food and Agriculture Organization, FAOSTAT). In general, strawberry is used for 
direct consumption, although around 15% of the total production is set aside for the 
manufacture of marmalade, yogurt and flavourings. However, strawberry production 
results in the discharge of crop plastics and large quantities of high organic strength solid 
wastes mainly comprised of defective strawberries that do not meet strict quality standards 
for commercialization and extrudate derived from the manufacture of strawberry mash 
used to produce secondary products. 
Both fish and strawberry waste products cause significant disposal problems, since 
there is no satisfactory means of disposal other than dumping on land adjacent to the 
production sites. In some regions, this has led to the generation of large tracts of land 
containing significant quantities of putrefying and smelly waste, which presents a 




significant risk to local water courses, and in some cases leads to uncontrolled global 
warming gas production (Abbasi et al., 2012). This disposal problem has stimulated 
significant interest in developing more responsible ways of dealing with fish products and 
waste strawberry, ideally with the added benefit of yielding high value products and 
ensuring environmentally responsible approaches. 
Under current legislation, recycling and valorization technologies, such as 
composting or anaerobic digestion (biomethanization), must be prioritized. Anaerobic 
digestion presents some fundamental advantages in comparison with other treatment 
technologies, such as the possibility of working at different temperature ranges, high 
organic load rates, high efficiency and the production of methane, which can be used as an 
energy source for on-site heating and electricity due to its heating value (35,793 kJ/m
3
, at 1 
atm, 0 ºC), which is equivalent to 1 kg raw coal or 0.76 kg standard coal (Wheatley, 1990; 
Zeng et al., 2007). This is very interesting due to rising electricity and energy costs in 
recent years. In the EU, for example, the mean price of electricity is about €0.10-0.12/kWh 
(Ma et al., 2008). At the same time, anaerobic digestion allows recovering some nutrients 
such as nitrogen or phosphorus, which can be used for agricultural purposes such as 
organic amendment (digestate), with the consequent economic and environmental benefit 
(Koroneos and Nanaki, 2012). Although the digestate might have some limitations for its 
direct use, a subsequent composting process would stabilize it, thus allowing a new 
renewable resource-based system in agriculture (Bustamante et al., 2012).  
Nevertheless, the presence of some inhibitors or imbalanced chemical oxygen 
demand:nitrogen:phosphorus ratios (COD:N:P) in the waste may lead to low methane yield 
or the instability of the process. Co-digestion of different wastes, the adaptation of 
microorganisms to inhibitory substances, and/or the incorporation of methods to remove or 
counteract toxicants before anaerobic digestion can significantly improve waste treatment 
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efficiency. The co-digestion of different biodegradable wastes like agro-industrial wastes is 
a promising alternative given that this procedure may increase biogas production, confer 
extra stability to the system in comparison to single treatments, and reduce initial and 
exploitation costs if different wastes generated in the same area are treated simultaneously 
(Lin et al., 2008; Kameswari et al., 2012). Álvarez and Lidén (2008) studied the anaerobic 
co-digestion of fruits with sewage sludge and purine under mesophilic and semicontinuous 
conditions, and reported a marked synergy in the biogas production in comparison to the 
single treatment of each waste. The co-digestion of substrates also allows an 
approximation to the ideal nutrient proportion for the correct working of the anaerobic 
digesters, which have been reported to be in the wide range from 50:4:1 (Thaveesri, 1995) 
to 350:5:1 (Brunetti et al., 1983) for COD:N:P. Given that the individual anaerobic 
treatment of fish waste is not advisable due its inadequate COD:N:P ratio (Fernández, 
2011; Siles et al., 2013), the main purpose of this research study was to evaluate the 
feasibility of the anaerobic codigestion of fish waste with residual strawberry extrudate. 
The study was carried out in three batch laboratory-scale reactors at mesophilic 
temperature (35 ºC). 
 
2. Materials and methods 
2.1. Experimental set-up 
The experimental set-up used for the anaerobic co-digestion consisted of three 1 L 
parallel Pyrex reactors working in batch mode, with four connections to load feedstock, 
ventilate the biogas, inject inert gas (nitrogen) to maintain the anaerobic conditions and 
remove effluent (Siles et al., 2010). The content of the reactors was magnetically stirred 
and temperature was maintained by means of a thermostatic jacket containing water at 37 




ºC. The volume of methane produced during the process was measured using 1 L Boylee-
Mariotte reservoirs connected to each reactor. To remove the CO2 produced during the 
process, tightly closed bubblers containing a NaOH solution (6 N), which were replaced 
every week, were connected between the two elements. The methane volume displaced an 
equal measurable volume of water from the reservoir. This volume was corrected in order 
to remove the effect of the vapour pressure of the water. The methane volume was then 
expressed at standard temperature and pressure (0 ºC and 1 atm). 
The reactors were inoculated with methanogenically-active granular biomass 
obtained from a full-scale anaerobic reactor used to treat brewery wastewater from the 
Heineken S.A. Factory (Jaen, Spain) and hydrolytic biomass from a full-scale anaerobic 
reactor used to treat sewage sludge in Seville (Spain). The inocula were selected on the 
basis of their high methanogenic activity (Field et al., 1988), which reached a mean value 
of 74 ± 5 mL CH4/(g COD added·h) (COD added, chemical oxygen demand added to the 
reactors). 
2.2. Fish and strawberry wastes 
The raw materials used as substrates were residues derived from the fish canning 
industry and strawberry waste, which were provided by the ADESVA Technology Centre 
located in Huelva (southwest Spain). The fish waste was composed of fish heads, viscera 
and backbones derived from the frigate canning process, whereas the strawberry waste was 
mainly composed of waste extrudate used to extract flavours and defective strawberries 
that did not meet the quality standard for their commercialization. Table 1 shows the 
chemical characterization of both wastes. The COD:N:P ratios were found to be 109:9:1 
for the fish waste and 252:1:1 for the strawberry extrudate, respectively. Consequently, the 
fish waste was poor in organic matter, whereas the strawberry extrudate had a deficit in 
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nitrogen (Thaveesri, 1995; Brunetti et al., 1983). Moreover, strawberry waste presents the 
disadvantage of a high concentration of lignin, which is mainly concentrated in the dark 
brown granules or achenes. The lignin releases phenolic compounds under anaerobic 
conditions, which are well-known inhibitors of the anaerobic digestion process (Chen et 
al., 2008). Therefore, as other authors have previously proposed (Mohammadi et al., 2011; 
Siles et al., 2013), a pretreatment would be desirable. 
The strawberry waste was subjected to sieving (1 mm mesh size) in order to avoid 
the inconvenience caused by the presence of achenes, although due to the fibrous texture of 
the fruit, some organic matter from the fleshy part was also removed. The total COD 
removal achieved with the pretreatment was approximately 33% in COD. However, 
considering that the lignin content in the strawberry extrudate accounted for 5.8 wt% (wet 
basis), which is equivalent to 25% of VS (VS, total volatile solids), the loss of fibrous 
organic matter was not significant. Sieving pretreatments are a frequent and economical 
unit operation implemented in many industrial processes for the separation of liquid and 
solid fractions. 
The resulting partially achene-free waste was homogenized and mixed with grinded 
fish waste at a proportion of 20-80 (fish-strawberry, in COD) to improve the COD:N:P 
ratio according to the recommended values described in the literature for adequate 
anaerobic digestion processes. The mixture showed a final COD:N:P ratio of 170:5:1. The 
mixture was blended and distilled water was added to facilitate handling and the feeding 
process of the digesters (2 L per kg of waste mixture), thus improving the homogenization 
of the mixture and avoiding organic overload (Cheng et al., 2011). Table 1 also shows the 
analytical characteristics of the fish-strawberry mixture. 
 




Table 1. Analytical characterization of residual strawberry extrudate, fish waste and the fish-strawberry 
waste mixture (wet basis) (D.L.: Detection Limit). 
Residual strawberry waste Fish waste Substrate mixture 
Moisture (%) 77.92 ± 0.24 62.58 ± 0.24 92.00 ± 0.67 
TS (g/kg) 221 ± 2 374 ± 1 80 ± 1 
MS (g/kg) 9 ± 1 42 ± 1 5 ± 1 
VS (g/kg) 212 ± 3 332 ± 2 75 ± 2 





/kg) 1.19 ± 0.12 47.1 ± 1.40 2.75 ± 0.69 





/kg) < D.L. 26.5 ± 1.00 1.63 ± 1.00 
Lignin (%) 5.8 ± 0.7 < D.L. < D.L. 
Empirical formula C156H253O72N29S1 C3687H5224O2160N142S1 C980H1443O506N71S1 
COD:N:P 252:1:1 109:9:1 168:5:1 
 
2.3. Anaerobic digesters. Experimental procedure 
The anaerobic reactors were initially loaded with 7 g VS of granular sludge and 3 g 
VS of hydrolytic sludge as inocula to ensure a balance between hydrolytic and 
methanogenic bacteria, as well as the adequate stirring of the reactor content. The 
hydrolytic sludge was added to improve the organic matter hydrolysis, which is usually the 
limiting stage in the anaerobic digestion of solid waste (Ortega et al., 2008). In order to 
bio-stimulate the biomass prior to the experiments, the reactors were first fed with a 
synthetic solution composed of glucose, sodium acetate and lactic acid at concentrations of 
50 g/L, 25 g/L and 25.2 g/L, respectively. The addition of glucose, sodium acetate and 
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lactic acid (GAL solution) allows the main different bacterial groups involved in the 
anaerobic process to be activated (hydrolytic, acidogenic, acetogenic and methanogenic 
bacteria). By working in this manner at the beginning of the addition of the GAL solution, 
all the microbial groups have easily biodegradable substrate that is available for 
degradation. Moreover, the transformation of glucose, which is added at a higher 
proportion, also allows obtaining derivative compounds that can be used by the 
microorganisms acting in subsequent steps, thus favouring the activity of all the groups of 
microorganisms.  
During this initial period, the organic load added to the reactors was gradually 
increased from 0.25 to 1.00 g COD/L over a 12-day period, which corresponds to an 
inoculum/substrate ratio from 0.025 to 0.10 g VS inoculum/g COD added. Given that 
Aiyuk et al. (2006) described a COD:N:P of 300:5:1 for the adequate start-up of the 
process, the nutrients (mainly nitrogen and phosphorus) and trace element solutions 
described by Field et al. (1988) were also added when the sludge was loaded. Both 
solutions are very important for activating bacterial growth and metabolism at the 
beginning of the process. 
After bio-stimulation, biomass acclimatization was carried out. The reactors were 
fed with 1 g COD/L, in which the percentages of the fish-strawberry waste mixture in the 
feeding was increased from 25 to 100% after four loads. During this acclimatization 
period, the volume of methane was measured as a function of time. The maximum length 
of each assay was 20 h and corresponds to the time interval required for maximum gas 
production and COD removal. Subsequently, during each set of experiments, the organic 
load was gradually increased from 0.8 to 5.0 g VS/L with intervals of 0.4 g VS/L. Each 
load was carried out at least in duplicate. In all cases, the volume of methane was measured 
as a function of time and samples were taken and analysed before and after feeding. 




2.4. Chemical analyses 
The following parameters were determined in the effluents of each load and reactor: 
pH, chemical oxygen demand (COD, mg O2/L), total solids (TS, mg/L), total mineral 
solids (MS, mg/L), total volatile solids (VS, mg/L), volatile acidity (VA, mg acetic acid/L), 









/L). All the analyses were carried out in 
accordance with the standard methods of the APHA (1989). The same parameters, 
including moisture, were also analysed to characterize the residual strawberry extrudate, 
fish waste and their mixture following the test methods for the examination of composting 
and compost developed by the US Department of Agriculture and the US Composting 
Council (2001). Moreover, the lignin content in the strawberry waste was determined 
according to the TAPPI T 222 OM-88 Standard. 
 
3. Results and discussion 
The experimental results obtained across the process allowed evaluating the 
performance of the treatment of fish-strawberry waste mixture by biomethanization. 
Stability, biodegradability, methane yield and process kinetics were selected to evaluate 
the viability of the co-digestion process. 
3.1. Biodegradability and methane yield coefficient 
The biodegradability of the fish-strawberry waste mixture was calculated by 
plotting the amount of substrate removed against the substrate added for all of the 
experiments carried out. Fig. 1 shows these data in such a manner that the slope of the 
straight line obtained coincides with the percentage of the biodegradability of the mixture, 
A. Serrano et al. / Journal of Cleaner Production 54 (2013) 125-132  
128 
 
which was found to be 87% and remained constant throughout the loads. In all cases, the 
reactors contained non-biodegradable organic matter before adding the substrate (0.89 g 
VS/L). When comparing the biodegradability of the fish-strawberry mixture against the 
biodegradability of each waste treated separately, very similar values were found. 
Concretely, the strawberry waste extrudate under mesophilic conditions showed a 
biodegradability of 90% (in VS) after the sieving pretreatment and 87% in VS without the 
pretreatment stage (Siles et al., 2013). Moreover, fish waste and waste water derived from 
the fish industry shows lower biodegradability values than vegetable waste in a range of 
40%-90% (Omil et al., 1995; Gebauer, 2004). 
Load added  (g VS)


























Fig. 1. Plot of the amount of substrate removed (VS removed) against the load added for all the 
experiments to obtain the biodegradability percentage of the mixture. 
Due to the possibility of using methane for energy purposes, it is crucial to evaluate 
methane generation across the process. As shown in Fig. 2, by fitting the pairs of values of 
the maximum experimental volume of methane produced in each load (GT, mL)-VS to a 
straight line, the methane yield coefficient coincided with the slope of the regression line 
and was found to be 121 mL/g VS. This value was calculated for the loads in the range of 




0.82-3.37 g VS/L given that at higher loads an enhancement in the methane production was 
sometimes observed. This might have been due to the fact that the degraded inoculum (cell 
lysis) in the digesters was used to generate biogas, instead of or in addition to the 
degradation of the waste mixture. Cell lysis might have occurred as a result of an inhibition 
phenomenon or an imbalance in the nutrient ratios. The biodegradation of the organic 
compounds derived from the cellular lysis would enhance methane production as well as 
the time required to exhaust gas production and VS removal. 
Load added (g VS)



















m = 121 mL CH4/g VS added
r² = 0.9740
 
Fig. 2. Variation of the experimental maximum methane volume produced (GT) (at 1 atm, 0 ºC) with 
the load added to obtain the methane yield of the process. 
3.2. Stability of the anaerobic digestion process 
The stability of the process was evaluated based on the evolution of the pH, 
alkalinity, volatile acidity and volatile acidity/alkalinity ratio (VA/Alk) during the 
anaerobic digestion of the mixture. Table 2 shows the mean value and standard deviation 
of the pH and VA/Alk ratio in the effluents of the reactors for the different loads added. 
The pH was approximately constant across experiments, with a mean value of 7.91 ± 0.16. 
This value remained within the usual optimal range for methanogenic bacteria (Wheatley, 
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1990). However, this variable reached a slightly higher value than the recommended values 
for the highest loads. This was likely due to the addition of the ammonia nitrogen, which 
was mainly present in the fish waste at a concentration of 47.1 ± 1.4 g/kg. One of the 
effects of adding ammonia is the enhancement of the pH and alkalinity concentration due 
to the formation of an ammonium salt with bicarbonate taken from dissolved CO2 
(Georgacakis et al., 1982): 
   
                                                                     (eq. 1) 
          
      
                                                           (eq. 2) 
   
              
        
        
                     (eq. 3) 
The volatile acidity/alkalinity ratio values were always found to be lower than 0.30-
0.40, thus indicating that the process operated favourably without the risk of acidification 
(Balaguer et al., 1992). Specifically, this ratio varied in the range of 0.12-0.30, but its value 
decreased at the highest loads, which is in accordance with the previous statement of 
alkalinity generation. Moreover, Lane (1984) described that for stable digestions it is 
imperative that a satisfactory ratio be maintained between VA and alkalinity levels. This 
ratio is given by the following empirical expression that relates alkalinity and volatile 
acidity: 
                              
which should not be less than 1500 for balanced digestion to occur. Table 2 also 
shows the values calculated according to the ratio. The values were always higher than 
1500, reaching values between 2457 ± 115 and 3493 ± 109. Consequently, although the 
single anaerobic treatment of strawberry and fish wastes showed higher methane yield 




coefficients (312 mL/g VS and 129 mL/g VS, respectively), the co-digestion process was 
found to be much more stable for higher loads of waste. Concretely, in the single anaerobic 
digestion of both the strawberry waste and the fish waste, the highest allowed load was 1.5 
g VS/L compared to 2.5 g VS/L in the co-digestion process (Siles et al., 2013; Fernández, 
2011). Likewise, co-digestion permits the centralized management of these wastes, thus 
allowing the different flows to be absorbed simultaneously with the consequent economic 
and environmental benefit.  
Table 2. pH, VA (eq Acetic acid)/Alk (eq CaCO3) ratio and Alk (mg CaCO3/L) - 0.7   VA (mg Acetic 




(eq Acetic acid/eq CaCO3) 
Alk (mg CaCO3/L) – 0.7 × 
VA (mg Acetic acid/L) 
0.82 7.84 ± 0.15 0.25 ± 0.04 3376 ± 208 
1.24 7.85 ± 0.10 0.27 ± 0.04 2817 ± 106 
1.65 7.69 ± 0.19 0.30 ± 0.03 2673 ± 189 
2.06 7.80 ± 0.05 0.29 ± 0.04 2538 ± 84 
2.47 7.75 ± 0.43 0.26 ± 0.04 2457 ± 115 
2.88 7.89 ± 0.30 0.23 ± 0.02 2698 ± 201 
3.30 7.82 ± 0.15 0.20 ± 0.01 2979 ± 126 
3.71 8.18 ± 0.01 0.12 ± 0.04 3087 ± 245 
4.12 8.17 ± 0.38 0.22 ± 0.06 3371 ± 287 
4.53 7.98 ± 0.15 0.18 ± 0.08 3493 ± 109 
4.95 7.90 ± 0.19 0.17 ± 0.05 3003 ± 50 
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3.3. Organic loading rate 
One of the most interesting variables to be determined in the anaerobic digestion of 
wastes is the treatment capacity of the process, which may be measured through the rate of 
substrate addition or the allowed organic loading rate (OLR). The allowed OLR is a 
variable that relates the quantity of substrate that can be added with the reactor volume and 
time (kg VS/(m
3
·d) or kg waste mixture/(m
3
·d)). Fig. 3 shows the variation of the OLR 
with the added load to the reactors. The allowed OLR was calculated taking into account 
the minimum time required to reach the total methane production for each experiment. 
This variable increased from 1.89 to 2.73 kg VS/(m
3
·d), which was the maximum OLR 
observed under the study conditions. Subsequently, the values of OLR decreased until 1.23 
kg VS/(m
3
·d), which corresponds to the added load of 4.9 g VS/L. Therefore, considering a 
mean production of fish waste of 60 t/month, the volume of the reactor required to operate 
at an OLR of 3.80 kg VS/(m
3
·d) would be approximately 200-250 m
3
. The OLR results we 
found in our research are markedly higher than those described by Gómez et al. (2006). 
These authors studied the co-digestion process of fruits and vegetable wastes with primary 
sludge under mesophilic conditions in four 3 L reactors and reported OLRs between 0.82 
and 1.10 kg VS/(m
3
·d). This might be due to the absence of a proper pretreatment step 
such as ultrasonic, thermal, microwave, chemical, electric pulses or wet oxidation 
pretreatments (Carrère et al., 2010). 




Load added (g VS)




















Fig. 3. Plot of the organic loading rate (OLR) against the load added for all the experiments. 
3.4. Kinetics of methane production 
In order to characterize each set of experiments kinetically, and thus facilitate 
comparisons, the first order kinetic model described by Borja et al. (1995) was used to fit 
the experimental methane production for low substrate concentrations. Thangamani et al. 
(2010) described the successful application of this model to a co-digestion process of 
tannery solid waste and primary sludge. According to Winkler (1983), the variation in 
biodegradable substrate with time can be represented by the following first-order 








                 
(eq. 4) 
where Sb is the biodegradable substrate (g VS/L), K is the specific kinetic constant 
(L/(g VS·h)), X is the concentration of sludge in the reactors (g VS/L) and t is the time (h). 
Separating variables and integrating with the hypothesis that X remained constant across 
the experiments due to the low biomass yield coefficient in anaerobic processes (Wheatley, 
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1990) and considering that the yield for the conversion of biodegradable substrate into 







   
 
    
          (eq.5) 
The following expression may be obtained (Gujer and Zehnder, 1983): 
 tXKm eGG  1        (eq. 6)  
Equation (6) allows relating the accumulated volume of methane (G, mL) with time (t) 
once the concentration of sludge (X) and the kinetic constant (K) are known. Moreover, the 
previous equation can be ordained in the form shown in equation (7) as the microorganism 
concentration is considered to be constant K × X = K’; where K’ (h-1) is an apparent kinetic 
constant:  
 tKm eGG  '1                 (eq. 7) 
The K’ and Gm values for each load were calculated numerically from the 
experimental data obtained by non-linear regression using Sigma-Plot (version 11.0). To 
evaluate the variations in experimental data, the theoretical values of maximum methane 
production (Gm, mL) were calculated using equation (7) and plotted against their 
corresponding experimental values (Fig. 4). These calculations were performed so as to 
give an error band of 1%. The deviations obtained were less than 1% in the majority of the 
cases (82%), suggesting that the proposed model can be used to predict the behaviour of 
the co-digestion process accurately. On the other hand, Fig. 5 represents the values of the 
apparent kinetic constant (K’) against the load added to the reactors. The K’ values 
decreased considerably from 0.28  0.06 h
-1
 to 0.06  0.03 h
-1
 when the organic load 
increased, indicating an inhibition phenomenon in the system studied. These results are in 




line with those reported by Siles et al. (2010) for the anaerobic co-digestion of glycerol and 
wastewater from biodiesel manufacturing, who found that the same constant decreased by 
more than 65%. 
Gm (mL CH4)


















m = 0.9678; r² = 0.9938
Confidence intervals of 99%
 
Fig. 4. Comparison between the experimental maximum methane production (GT) values for each 
load and the theoretical values (Gm) predicted by equation (7). 
Load (g VS)
















Fig. 5. Variation of the apparent kinetic constant (K’) against the added substrate for all the 
experiments. 
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Moreover, from equation (7), the following expression for the methane production 
rate (rG, mL/h) may be obtained:   
            
                               (eq. 8) 
This expression allows the mean methane production rate at the highest OLR to be 
determined. Although this variable reached a value of 13.7 ± 0.2 mL/h (considering the 
reactor volume, that value is equivalent to a methane production of 329 ± 4 L/(m
3
·d)), 
which is lower than the values reported for other fruit wastes such as orange peel (980 
L/(m
3
·d)) (Martín et al., 2010), this fact might indicate that the simultaneous 
biomethanization of fish and strawberry waste could be considered a promising procedure.  
3.5. Inhibition phenomenon 
The concentration of nitrogen, phosphorus and chloride were monitored across the 
experiments with the fish-strawberry waste to evaluate their influence on the treatment 
efficiency since it is known that either an excess or deficiency of nutrients is one of the 
causes of anaerobic digester upset, the high yield of endogenous metabolism, or low 
methane production. 
3.5.1. Ammonia nitrogen 
Ammonia nitrogen is considered one of the most frequent inhibitory compounds 
found in anaerobic digesters working at full scale. It has been suggested that free ammonia 
(NH3) is the active component causing ammonia inhibition since it is freely membrane-
permeable. The ammonia molecule may diffuse passively into the cell as it is uncharged 
and lipid soluble, causing proton imbalance and consequent changes in the intracellular 
pH, potassium deficiency, an increase in the maintenance energy requirement, and the 
inhibition of a specific enzyme reaction (Sprott and Patel, 1986). However, significant 




differences can be found in the literature regarding the inhibiting ammonia concentration. 
Bujoczek et al. (2000) reported 1.70 g/L as the threshold that produces reactor instability, 
which is manifested in a reduction of the methane production to 50%. In contrast, Lane 
(1984) established the threshold concentration at 0.60 g/L for the anaerobic treatment of 
fruit wastes such as apricot, apple or pineapple. The concentration of ammonia observed in 
the reactors used for the treatment of the fish-strawberry waste mixture varied in the range 
0.95-1.43 g N-NH4
+
/L, which is within the thresholds described as problematic in the 
literature. This toxicity can lead to severe process disturbance and, in extreme cases, 
complete process failure. Nevertheless, this type of inhibition might be counteracted by 
removing pollutants by chemical precipitation, diluting the waste, or co-digesting with 
other substrates with a low concentration of ammonia such as glycerol derived from 
biodiesel manufacturing (Chen et al., 2008).  
However, the digestate obtained at different loads lower than 2.5 g VS/L, before 
process instability, showed a carbon/nitrogen ratio that varied in the range of 20-30, which 
was in the range recommended by several authors for the composting process (Puyuelo et 
al., 2011; Haug, 1993). The digestate is stable after the anaerobic digestion, thus enabling 
the subsequent composting process. It might therefore be possible to recover these 
nutrients for agricultural systems through composting, leading to a decrease in the 
dependence on chemical fertilizers and the enhanced sustainability of the nutrients cycle 
(Paudel et al., 2006).  
3.5.2. Phosphorus 
Given that phosphorus is one of the essential nutrients for the appropriate 
development of biomethanization, phosphorus concentration was monitored across the 
experiments. Fig. 6A shows the concentration of soluble phosphorus against the load added 
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to the reactors. The concentration of soluble phosphorus increased with each load until 
reaching a maximum value of 3.0  0.2 g/L, which corresponds to the load of 2.9 g VS/L. 
In the following loads, the phosphorus concentration decreased, which was probably due to 
the precipitation of this compound in the form of Ca and Mg salts (Macauley et al., 2006). 
Furthermore, the methane yield coefficient was represented against the concentration of 
soluble phosphorus (Fig. 6B). The optimal methane yield appeared at medium phosphorus 
concentrations (1000 mg/L, approximately). Lower values might not be adequate for 
methane production as this is an essential compound required at least at low concentration 
(Alphenaar et al., 1993). Nevertheless, high phosphorus concentrations led to the inhibition 
of the process by increasing the substrate concentration. 
A)                     B) 
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Fig. 6. (A) Variation of the soluble phosphorus concentration (P-soluble) with the load added to the reactors. 
(B) Variation of the methane yield coefficient (YCH4/S) with the soluble phosphorus concentration (P-soluble) 
determined at the end of each load. 
3.5.3. Chlorides 
The accumulation of chlorides from fish waste may be one of the main factors that 
produced the inhibition phenomenon. The concentration of chlorides was determined in the 
reactors before and after the experimental phase, showing that the chloride concentration 




increased from 0.54  0.02 g Cl
-
/L to 8.76  0.03 g Cl
-
/L (more than 16 times). Macauley 
et al. (2006) determined that a concentration of 0.03 g Cl
-
/L produces inhibition in the 
microorganism activity, whereas Nallathambi (1998) reported a threshold concentration of 
1.70 g Cl
-
/L, as chlorides could form secondary compounds such as chloramines in 
reactions with nitrogen compounds that present a marked inhibitory effect in the anaerobic 
process. Consequently, the concentration of chloride determined in the reactors was 
markedly higher than the values reported as thresholds in the literature, suggesting that a 
lower proportion of fish waste in the mixture would be advisable to carry out its co-
digestion with strawberry waste. In this context, Álvarez et al. (2010) limited the 
proportion of tuna fish waste at 4%-5% in a co-digestion process with pig manure and 
biodiesel waste. The highest methane yield coefficient (321 mL CH4/g COD) was reached 
with a mixture composed of 84% pig manure, 5% fish waste and 11% biodiesel waste, 
while the highest methane production rate was obtained with a mixture containing 88% pig 
manure, 4% fish waste and 8% biodiesel waste. 
The anaerobic co-digestion of strawberry and fish waste under mesophilic 
conditions therefore reduces the environmental impact and toxicological risk of these 
wastes on human health in accordance with the strict quality standards that are currently 
being developed. On the other hand, biomethanization produces methane, which is a 
renewable fuel, as well as a digestate that may be used as an organic amendment in 
agriculture. Thus, it might be possible to recover some nutrients such as carbon, nitrogen 
and/or phosphorus for agricultural systems, decrease the dependence on chemical 
fertilizers and enhance the sustainability of the nutrient cycle, with the consequent social, 
economic and environmental benefits. In general, this research contributes to developing a 
biorefinery approach, which can take advantage of the differences in biomass components 
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and intermediates, and maximize the value derived from the biomass feedstock, while 
producing little waste.  
 
4. Conclusions 
Anaerobic co-digestion of fish-strawberry waste might be a good alternative for 
treating both wastes simultaneously. The codigestion of these two wastes improved 
stability in comparison to the single treatment of both wastes, showed high 
biodegradability (87% VS), and permitted 121 mL CH4/g VS to be obtained. The OLR 
reached an optimum at 2.73 kg VS/(m
3
·d) in which the methane production rate was 3.7 
mL/h, although the presence of inhibitors such as ammonia, phosphorus and mainly 
chloride inhibited the process at loads higher than 2.5 g VS/L. This was ratified by the 
marked decrease observed in the process kinetics, suggesting that lower proportions of fish 
waste in the mixture might be advisable to make the process more feasible.  
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Alk  alkalinity (mg CaCO3/L) 
COD added chemical oxygen demand added to the reactors (g COD) 
COD  chemical oxygen demand (g; g O2/kg) 
D.L.  detection limit 
G  cumulative methane volume (mL) 
Gm  cumulative methane volume at infinite time (mL) 
GT  experimental maximum methane volume (mL) 
K  specific kinetic constant (L/(g VS·h)) 
K’  apparent kinetic constant (h-1) 
MS  total mineral solids (mg/L; g/kg) 
N-NH4
+
 ammoniacal nitrogen (g/L; g/kg)  
OLR  organic loading rate (kg/(m
3
·d)) 
P-soluble soluble phosphorus (g/L; mg/L) 
P-Ptotal  total phosphorus (g/kg) 
rG   methane production rate (mL/h) 
Sb  biodegradable substrate (g VS/L) 
t  time (h) 
TS  total solids (mg/L; g/kg) 
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VA  volatile acidity (mg acetic acid/L) 
VA/Alk ratio ratio between VA and Alk (eq acetic acid/eq CaCO3) 
VS  total volatile solids (mg/L; g; g/kg) 
VS removed removed total volatile solids (g) 
VS added added total volatile solids (g) 
X  concentration of sludge in the reactors (g VS/L) 
YCH4/S  methane yield coefficient (mL CH4/g VS)  
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4.4 Breve descripción del artículo ‘Optimization of anaerobic co-digestion of 
strawberry and fish waste’ 
 
 Este artículo surge por la necesidad de optimización de la ratio de mezcla en el 
proceso de co-digestión de extrusionado de fresa y residuos de pescado, ya que la mezcla 
mejora la estabilidad pero reduce el rendimiento en metano. Debido a que los residuos de 
pescado presentan una mayor concentración de compuestos inhibidores (nitrógeno y 
cloruros), se han propuesto mezclas con cantidades de pescado decrecientes. 
Concretamente se han estudiado las proporciones 80:20, 90:10, y 95:5, en DQO, de 
extrusionado de fresa y residuos de pescado, respectivamente.  
 Los resultados han mostrado que la proporción 80:20 ha sido la que mejores valores 
de estabilidad ha presentado, mientras que el rendimiento en metano más elevado ha 
correspondido a la proporción 90:10 (205 NmL CH4/g sólido volátil). La proporción 95:5 
se ha considerado inviable debido a la baja producción de metano.  
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Abstract 
Anaerobic co-digestion of agri-food waste is a promising management alternative. 
Its implementation, however, requires evaluating the proportion in which waste should be 
mixed to optimize their centralized treatment. The combined treatment of strawberry 
extrudate and fish waste, which are widely generated in Mediterranean areas, was 
optimized. Strawberry extrudate and fish waste were mixed and treated at different 
proportions (88:12, 94:6, and 97:3, respectively; wet basis). The proportions selected for 
the mixture allow the different flows to be absorbed simultaneously. The highest methane 
production was observed for the ratio 94:6 (0.205 m
3
STP CH4/kg volatile solid) (VS) (STP; 
0 °C, 1 atm), with a methane production rate in the range of 5·10
−3–9·10−3 m3STP/kg VS·d, 
while the highest organic loading rate was observed for the mixture at a proportion 88:12 
(1.9 ± 0.1 kg VS/m
3
·d). Biodegradability was found to be similar for the 88:12 and 94:6 
proportions, with values around 90 % in VS. Nevertheless, the 97:3 ratio was not viable 
due to a low methane production. An inhibition phenomenon occurred at increasing loads 




due to the effect of some compounds contained in the fish waste such as chloride or 
nitrogen. 
Keywords: Strawberry extrudate; Fish waste; Anaerobic co-digestion; Optimization; 
Chloride; Free ammonia 
 
Nomenclature 
Alk  Alkalinity (kg CaCO3/m
3
) 
BD  Biodegradability (%, in VS) 
COD added Chemical oxygen demand added to the reactors (kg COD) 
COD  Chemical oxygen demand (kg; kg O2/kg) 
D.L.  Detection limit 
NH3  Free ammonia (mg/L) 
GAL   Glucose, sodium acetate, and lactic acid solution 
GT  Experimental maximum methane volume (m3) 
MS  Total mineral solids (kg/kg) 
N-NH4
+
 Ammoniacal nitrogen (kg/m
3
; kg/kg) 
OLR   Organic loading rate (kg/(m
3
·d)) 
Psoluble   Soluble phosphorus (kg/m
3
) 
Ptotal   Total phosphorus (kg/kg) 




rG  Methane production rate (m
3
/kg VS·d) 
SFWM  Strawberry and fish waste mixture 
STP   Standard temperature and pressure conditions 
TAN   Total ammoniacal nitrogen (mg/L) 
TS   Total solids (kg/m
3
; kg/kg) 
VA   Volatile acidity (kg acetic acid/m
3
) 
VA/Alk ratio  Ratio between VA and Alk (eq acetic acid/eq CaCO3) 
VS  Total volatile solids (kg/m
3
; kg; kg/kg) 
VSadded  Added total volatile solids (kg) 
wt   Wet basis 
WWTP  Wastewater treatment plant 
 
Introduction 
Agri-food manufacturing industries generate high volumes of organic waste in the 
transformation of raw materials into valuable products. The management of these polluting 
wastes currently poses an important challenge for the industry in order to ensure economic 
viability and environmental protection. 
An important sector in the agri-food industry is the processing of strawberry to 
produce secondary products such as marmalade, yogurt, or flavorings. A high percentage 
of the world strawberry production, which was estimated to be 4.6 million tons in 2011 [1], 




is used to manufacture these products. Most of these products are obtained from mashed 
strawberries which are pressed to extract the desired compounds (flavors). However, 
approximately 7–10 % of the processed fruit is transformed into waste extrudate that 
requires an adequate treatment. Another important sector that generates agro-industrial 
polluting waste is the fish canning industry. The world consumption of canned fish 
accounts for 15 % of total fish consumed, although in Europe and the USA, the percentage 
of manufactured fish may be as high as 60 %. The fish canning industry also generates a 
large volume of organic, polluting waste composed of the heads, backbones, and viscera 
(45 % of the fish weight). 
Both strawberry processing and the fish canning industry generate residue that 
requires adequate management in order to prevent possible environmental impacts. The 
dumping of these wastes in landfill is not recommended due to the emission of unpleasant 
odors, leachate with a high polluting potential, and landfill congestion [2]. Consequently, 
this alternative is not in line with the environmentally friendly treatment methods 
established under current legislation. In this context, biological processes capable of 
transforming organic waste and byproducts into valuable products are promising 
alternatives to be considered (Directive 2001/77/EC). Specifically, the biological treatment 
of low-priced agricultural waste may be of special interest. However, their complex 
composition, high water content, and/or technology requirements might complicate the 
implementation of some possible valorization processes, such as the production of biofuels 
or the extraction of valuable compounds [3].  
Anaerobic digestion, which is deeply involved in the biorefinery concept [4], has 
been widely proposed as a management strategy for solid waste such as vegetables, animal 
waste, or sewage sludge [5–7]. This process has some advantages such as the 
bioconversion of organic matter into biogas that can be used as an energy resource, high 




biodegradability efficiency, and the possibility of adapting the operational parameters to 
each waste being treated [8]. Additionally, the joint treatment of different organic 
substrates (anaerobic co-digestion) is an interesting alternative to prevent destabilization or 
inhibition phenomena due to the presence of inhibitory compounds in any of the treated 
waste or an incorrect nutrient balance in the substrates added to the digesters [9]. 
Previous studies on the single treatment of strawberry waste extrudate by anaerobic 
digestion have reported an improvement in methane production, stability, and the allowed 
organic loading rate after carrying out a sieving pre-treatment to remove the achenes 
present in the waste [10]. These achenes are rich in lignin, which releases phenolic 
compounds in the degradation process. Phenolic compounds have been widely reported as 
inhibitors of anaerobic digestion [11]. Furthermore, the single treatment of fish cannery 
waste by anaerobic digestion is not a promising alternative. Nges et al. [12] reported that 
fish waste presents several limitations as a substrate for anaerobic digestion, such as the 
ammoniacal nitrogen concentration, the presence of light metals (i.e., sodium, potassium, 
and calcium), and free long-chain fatty acids. Nevertheless, Mishandete et al. [13] 
improved the viability of the biomethanization of fish waste through the addition of sisal 
pulp and observed an enhancement in the methane yield of 67 %. 
To the best of our knowledge, Serrano et al. [14] is the only study on the 
simultaneous treatment of strawberry extrudate and fish waste. However, some 
improvements were required to enhance the viability of the combined treatment, which 
might be considered of special interest in areas where both polluting wastes are generated 
simultaneously. The main objective of this work is to optimize the proportions of both 
strawberry and fish wastes in order to manage them jointly through anaerobic co-digestion, 
with the consequent economic and environmental benefits. 




Materials and Methods 
Chemical Analyses 
The parameters analyzed in the effluents of each load and reactor were pH, 
chemical oxygen demand (COD), total solids (TS), total mineral solids (MS), total volatile 
solids (VS), volatile acidity (VA), alkalinity (Alk), ammoniacal nitrogen (N-NH4
+
), soluble 
phosphorus (Psoluble), and chloride (Cl
−
). All the analyses were carried out in accordance 
with the standard methods of the APHA [15]. The same parameters, including moisture 
and total phosphorus (Ptotal), were also analyzed to characterize the residual strawberry 
extrudate, fish waste, and their mixtures following the test methods for the examination of 
composting and compost developed by the US Department of Agriculture and the US 
Composting Council [16]. 
Fish and Strawberry Wastes 
The raw materials used as substrates were strawberry waste derived from the 
manufacturing of strawberry-flavored products and waste derived from the fish canning 
industry. Both wastes were provided by the ADESVA Technology Center and HUDISA 
S.A. Company located in Huelva (Spain). The strawberry waste was mainly composed of 
strawberry extrudate that was obtained after the extrusion of a strawberry mush. The waste 
extrudate was composed of the retained fibrous matter, while the fleshy part (pulp) was 
used for various manufacturing processes. Although the strawberry waste is generated 
throughout the year, its flow rate enhances markedly from April to June. Fish waste was 
composed of fish heads, viscera, and backbones derived from the frigate canning process. 
The fish waste is generated at a virtually constant flow rate throughout the year and has a 
high concentration of chloride, which are well-known disinfectant agents. The chloride 
concentration determined in fish waste was 0.0265 ± 0.001 kg/kg, wet basis. This high 




value is in line with the value reported by other authors for fish waste [17]. Table 1 shows 
the analytical characterization of strawberry extrudate and fish waste. 
In a first step, strawberry waste was sieved (1-mm mesh size) in order to remove 
the achenes (26.9 ± 1 %, dry basis) where lignin is principally concentrated. Moreover, the 
extrudate presents a concentration of holo-cellulose and α-cellulose of 48.9 ± 1 and 29.2 ± 
1 % dry basis, respectively. Due to the fibrous texture of the waste, some additional 
organic matter from the fleshy part was inevitably removed in the sieving process (around 
33 % in COD). Nonetheless, considering that the strawberry extrudate contained 26 % 
lignin (dry basis) -which accounts for 25 % of VS- the amount of fibrous organic matter 
removed was not significant. The resulting achene-free waste was homogenized and mixed 
with grinded fish waste to obtain the different strawberry-fish waste mixtures (SFWMs) 
studied in this research. The mixture proportions are summarized in Table 1. 
The SFWM1 proportion corresponds to the quantities in which both waste are 
simultaneously produced in the industrial area of Huelva (Spain). The SFWM2 and 
SFWM3 were selected in order to enhance the COD/N ratio described previously by Hills 
[18] and due to the fact that the decrease in the fish concentration in the mixture would 
reduce its salinity concentration. The SFWMs were subsequently blended, and distilled 
water was added to facilitate the handling and feeding processes of the digesters and 
improving the homogenization of the waste [19]. The SFWMs were conserved under 
freezing conditions to avoid fermentation during the experiments. Table 1 also shows the 
main analytical characteristics of the different SFWMs.  
 
 




Table 1 Analytical characterization of the strawberry waste extrudate, fish waste, and the different mixtures 
(SFWMs) (wet basis) 
Strawberry 
extrudate 
Fish waste SFWM1 SFWM2 SFWM3 
Strawberry 
extrudate 
content (%, wt, 
wet basis) 
100 0 88 94 97 
Fish waste 
content (%, wt, 
wet basis) 



































































































































































































































COD/N 252 12 33 42 128 
COD:N:P 252:1:1 109:9:1 168:5:1 172:4:1 179:2:1 
 D.L., detection limit 
 
 





 The experimental set-up used for the anaerobic co-digestion consisted of six 1-L 
Pyrex complete mixing reactors working under mesophilic temperature (35 °C) in semi-
continuous mode and with recirculation of the solid fraction of the digestate (which 
included microorganisms and non-biodegraded substrate). The reactors were fitted with 
four connections to load the feedstock, ventilate the biogas, inject inert gas (nitrogen) to 
maintain the anaerobic conditions, and remove the effluent. The content of the reactors was 
magnetically stirred, and temperature was maintained at 35 °C by means of a thermostatic 
jacket containing water. The volume of methane produced during the process was 
measured using 1-L Boyle-Mariotte reservoirs connected to each reactor. To remove the 
CO2 produced during the process, tightly closed bubblers containing a NaOH solution (6 
N) were connected between the two elements. The methane volume displaced an equal 
measurable volume of water from the reservoir. This volume was corrected in order to 
remove the effect of the vapor pressure of the water. The methane volume was then 
expressed at standard temperature and pressure (0 °C and 1 atm, respectively). The 
biomethanization of each SFWM was simultaneously evaluated in two parallel reactors. 
The reactors were inoculated with 7 kg VS/m
3
 of methanogenically active granular 
biomass obtained from a full-scale anaerobic reactor used to treat brewery wastewater from 
the Heineken S.A. Factory (Jaen, Spain) and 3 kg VS/m
3
 of sludge from a full-scale 
anaerobic reactor used to treat sewage sludge with high hydrolytic activity in Seville 
(Spain). These inocula concentrations were selected to ensure a balance between hydrolytic 
and methanogenic bacteria, as well as the adequate stirring of the reactor content. The 
hydrolytic sludge was added to improve the organic matter hydrolysis, which is usually the 
limiting stage in the anaerobic digestion of solid waste [20]. The inocula presented a 
methane production rate of 1.44 m
3
STP CH4/kg COD added·d. 




Anaerobic Digesters. Experimental Procedure 
After the inoculation of the digesters and in order to biostimulate the biomass prior 
to the experiments, the reactors were first fed with a synthetic solution composed of 
glucose, sodium acetate, and lactic acid at concentrations of 50, 25, and 25.2 kg/m
3
, 
respectively (GAL solution). The addition of glucose, sodium acetate, and lactic acid 
(GAL solution) allows the main bacterial groups involved in the anaerobic process to be 
activated (hydrolytic, acidogenic, acetogenic, and methanogenic bacteria). By working in 
this manner, all the microbial groups have an easily biodegradable substrate that is 
available for degradation at the beginning of the experiments. Moreover, the 
transformation of glucose, which is added at a higher proportion, also allows obtaining 
derivative compounds that can be used by the microorganisms acting in subsequent steps, 
thus favoring the activity of all the groups of microorganisms. During this initial period, 
the organic load added to the reactors was gradually increased from 0.25 to 1.00 kg 
COD/m
3
 over a 12-day period. Aiyuk et al. [21] described a COD/N/P of 300:5:1 for the 
start-up of the process. The nutrients (mainly nitrogen and phosphorus) and trace element 
solutions described by Field et al. [22] were therefore added when the inoculums were 
loaded. Both solutions are very important for activating bacterial growth and metabolism at 
the beginning of the process. 
After biostimulation, biomass acclimatization was carried out. The reactors were 
fed with 1 kg COD/m
3
 of a mixture of GAL and the waste to be treated, in which the 
percentages of the corresponding SFWM were increased from 25 to 100 % after several 
loads. The volume of methane was measured as a function of time. The maximum duration 
of each assay was 26 h and corresponded to the time interval required to exhaust gas 
production and organic matter removal.  




Once the inocula were adapted, the organic load added to the reactors was gradually 
increased from 0.6 to 4.9 kg VS/m
3
 (which corresponds to 1.0 to 6.0 kg COD/m
3
). Each 
load was carried out at least in triplicate. Specifically, these loads were classified in three 
ranges to compare the experiments with the different SFWMs: “low loads” (<1.3 kg 
VS/m
3), “intermediate loads” (1.3–1.7 kg VS/m3), and “high loads” (>1.7 kg VS/m3). The 
volume of methane was measured as a function of time, and samples were taken and 
analyzed before and after feeding in all cases. The methane volume was then expressed at 
standard temperature and pressure (0 °C and 1 atm). The duration of each experiment was 
equal to the time interval required to exhaust gas production and the maximum VS 
removal.  
Calculation Section 
Organic Loading Rate (OLR) 
One of the most interesting variables to be determined in the anaerobic digestion of 
organic waste is the treatment capacity. This variable may be measured through the rate of 
substrate addition or OLR, which relates the amount of waste added to the reactor with its 
volume and time. The operational conditions set out in this research study allowed the 
added substrate to be degraded as much as possible. Consequently, the OLR was calculated 
considering the substrate concentration added to the reactors and the time required to reach 
95 % of the total methane production for each load: 
     
            
   
                         (eq. 1) 
where [added load] is the concentration of waste mixture added to the reactors (kg 
VS/m
3
), and t95 is the time required to reach 95 % of the total methane production for each 
load (d). 




Free Ammonia Concentration 
Total ammonia in aqueous solution consists of two principal forms: the ammonium 
ion (NH4
+
) and un-ionized ammonia (NH3). The relative concentrations of each one are pH 
dependent as shown in the following equilibrium equation: 
   
       
  
    
  
                                        (eq. 2) 
where [NH3] is the concentration of free ammonia (mg/L), [NH4
+
] is the 
concentration of ammoniacal nitrogen (mg/L), and [H
+
] is the concentration of protons 
(mg/L). The relative concentrations of the two forms are also temperature-dependent [23]: 
     
                
          
                     (eq. 3) 
where T is the temperature in Celsius. 
Based on Eqs. (2) and (3), and using the pH and temperature of the solution, the 
free ammonia concentration was calculated from the following formula [24]: 
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)
                                  (eq. 4) 
where [NH3] is the concentration of free ammonia (mg/L), [TAN] is the total 
ammoniacal nitrogen concentration (mg/L), and T (K) is the temperature (Kelvin). 
Software 
Sigma-Plot software (version 11.0) was used to create the graphs, perform the 
statistical analysis, and fit the experimental data presented in this work. 
 
 




Results and Discussion 
Stability of the Anaerobic Digestion Process 
The stability of the process was monitored through the variation in the pH and the 
VA/Alk ratio. According to the literature, the optimal pH range for methanogenic bacteria 
varies between 7.3 and 7.8 as extreme values [8, 25]. However, hydrolysis and 
acidogenesis could take place at higher pH values. As can be seen in Table 2, the pH for 
the SFWM1 was slightly higher than the optimal values and was independent of the load 
added to the reactors. For the SFWM2 and SFWM3, the pH values decreased with the 
enhancement of the load. These results are in line with those reported by Mshandete et al. 
[13], who studied the anaerobic co-digestion of fish waste and sisal pulp under room 
conditions (27 ± 1 °C) in batch reactors of 0.6 L. They described an initial pH in the 
reactors of 7.7–7.8 and a final pH value within the range of 7.7–7.3. 
Table 2. Mean values and standard deviation of pH and VA/Alk ratio for the different ranges of loads studied 
for each SFWM. 
SFWM1 SFWM2 SFWM3 
 
pH VA/Alk pH VA/Alk pH VA/Alk 
Low loads 
(< 1.3 kg VS/m
3
) 





7.7 ± 0.1 0.29 ± 0.01 7.9 ± 0.1 0.19 ± 0.01 7.7 ± 0.1 0.21 ± 0.01 
High loads 
(> 1.7 kg VS/m
3
) 
7.9 ± 0.1 0.21 ± 0.05 7.6 ± 0.1 0.18 ± 0.01 7.4 ± 0.1 0.19 ± 0.01 
 
Table 2 also shows the values of the VA/Alk ratio for each load range and SFWM. 
For the SFWM2, the values of the VA/Alk ratio remained fairly constant and within the 
recommended range, while a slight variation was observed for the SFWM3 (0.13–0.21). 




The volatile acidity/alkalinity ratio values were always found to be lower than 0.30–0.40, 
thus indicating that the process operated favorably without the risk of acidification [26]. 
Methane Yield Coefficient and Biodegradability 
The methane yield coefficient was determined from the experimental maximum 
methane volume produced (GT) and the load added to the reactors (VS added). By fitting 
(GT, VS added) value pairs to a straight line (Figure 1), the methane yield coefficient 
coincides with the slope of the regression line. Specifically, the values obtained for 
SFWM1, SFWM2, and SFWM3 were 0.121, 0.205, and 0.058 m
3
STP CH4/kg VS, 
respectively. Consequently, the SFWM2 was the optimal proportion in terms of methane 
production. When comparing the optimal proportion of SFWM2 with the individual 
treatment of fish waste under the same operational conditions, the methane yield 
coefficient of the fish waste was higher (59 %) [27]. Other authors have reported a higher 
methane yield coefficient for the anaerobic digestion of fish waste under mesophilic 
conditions, specifically around 0.250 m
3
STP/kg VS added [28]. However, the methane yield 
described for the mesophilic biomethanization of strawberry extrudate waste was higher, 
around 0.312 m
3
STP CH4//kg VS [10]. As can be seen, the methane yield coefficient 
observed with the SFWM2 corresponds to an intermediate value with respect to the single 
treatment of both wastes. This indicates that a synergy in terms of methane production did 
not occur during the anaerobic co-digestion of strawberry and fish wastes. A similar 
behavior was observed by Dai et al. [29], who reported a linear enhancement in biogas 
production and VS reduction in the co-digestion of dewatered sludge and food waste at 
increasing ratios of food waste in the mixture. 
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Fig. 1. Variation of the total volume of methane (GT) with the load added to the reactors for the 
different SFWMs 
Given that studying the percentage of organic matter removal is as important as 
evaluating the methane production yield, the biodegradability of the SFWMs was 
calculated based on the amount of removed substrate against the added substrate for each 
set of experiments. The mean values obtained were 90 ± 10 and 88 ± 10 % (in VS) for the 
SFWM1 and SFWM2, respectively. These values are in line with the biodegradability 
determined in the individual treatment of strawberry extrudate (90 %, in VS) [10] and fish 
waste (82 %, in VS) [27]. Eiroa et al. [28] studied the anaerobic digestion of tuna waste 
under mesophilic conditions and reported a biodegradability percentage above 81 % in VS. 
The obtained biodegradability values might lead to the production of a theoretical methane 
yield around 0.360 m
3
STP/kg VS added if all the degraded organic matter was converted 
into methane. Nevertheless, a fraction of the removed carbon contained in organic matter is 
used by the microorganisms for their growth, metabolism, and cell maintenance, as well as 
the generation of CO2 which was not quantified in the present research work [8]. 
Therefore, the high biodegradability determined in the present research study is in 
concordance with a high use of the organic matter for bacterial growth and cellular 




maintenance. In this sense, it can be observed in Table 3 as the values obtained for SFWM3 
were markedly higher than 100 %, which might be due to the degradation of the 
methanogenic bacteria as a consequence of an inhibition phenomenon. This is in line with 
the abovementioned low methane production and the decrease in the pH. Consequently, the 
SFWM3 would not be a viable proportion for the simultaneous treatment of strawberry and 
fish wastes. For the other studied mixtures, the biodegradability values were lower than 
100 %, although the conditions were not optimal and the methane yield coefficients were 
lower than the expected for these biodegradability values. 
Organic Loading Rate and Methane Production Rate 




·d) were calculated for the 
SFWM1 and SFWM2. The SFWM3 was discarded as being unviable due to the results 
described previously. Figure 2a shows the variation in the OLR (kg VS/m
3
·d) when 
increasing the load added to the digesters (kg VS/m
3
). The SFWM1 presented a higher 
OLR throughout the experiments. The values obtained are within the range of values 
reported by Siles et al. [10]. These authors determined a range of OLR from 1.67 to 3.51 
kg VS added/m
3
·d for the biomethanization of strawberry extrudate waste under the same 
experimental conditions set out in this research study. Furthermore, the obtained values are 
in the range of those figures reported in the literature for the mesophilic anaerobic 
treatment of sludge from saline fish farm effluents (0.71–2.22 kg VS added/m3·d) [30]. In 
this regard, the OLR values and the degradation rate could be enhanced by improving the 
hydrolysis, which is the limiting degradation step in the anaerobic digestion of solids waste 
[20]. To enhance this stage, several authors have proposed different pre-treatments such as 
ultrasounds, thermal processes, microwaves, electric pulses, wet oxidation, or freeze pre-
treatments [6, 31]. These pre-treatments might be previously applied to the 
biomethanization of SFWMs. 
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Fig. 2 a Variation of the organic loading rate (OLR) with the load added for SFWM1 and SFWM2. b 
Variation of the methane production rate (rG) with the load added for SFWM1 and SFWM2 
Regarding the kinetics of the process, the values of the methane production rate, rG 
(m
3
STP/kg VS·d), against the added load (kg VS/m
3
), obtained for the SFWM1 and 
SFWM2, are also shown in Figure 2b. The values obtained for SFWM1 were higher than 
those obtained for SFWM2 for the different added loads. Nevertheless, although the rG 
values were higher for SFWM1, the maximum methane yield coefficient was markedly 
higher for SFWM2. On the other hand, the values obtained for both the OLR and the rG 
decreased at loads higher than 3.0 kg VS/m
3
; a phenomenon which might be a 
consequence of the concentration of inhibitory compounds in the digesters. Table 3 









Table 3. Mean values and standard deviation of the methane yield coefficient (YCH4/S, m
3
STP CH4/kg VS), 
biodegradability (BD, %, in VS) and organic loading rate (OLR, kg VS/m3·d) for the different ranges of 
loads studied for each SFWM. 
SFWM1 SFWM2 SFWM3 
 
Y CH4/S  BD  OLR  Y CH4/S  BD  OLR  Y CH4/S  BD  
Low loads 

































































Free ammonia is one of the most widely described inhibitors of the anaerobic 
digestion process in the literature. Figure 3 shows the values of free ammonia 
concentration for the different SFWM proportions studied with time. As can be seen, the 
concentration of free ammonia increased when the load increased for all the SFWMs with 
time. The final concentrations of free ammonia for the different SFWMs were higher than 
1.40 kg/m
3
 in all cases; a value which has been described as the inhibitory limit for the 
anaerobic process [11]. 























































Fig. 3. Variation of the free ammonia concentration and the load added for the different SFWMs 
with the set time 
Furthermore, the accumulation of chloride from fish waste might be another 
important factor responsible for the inhibition process. Figure 4 shows the variation in the 
concentration of chloride in the effluents of the reactors loaded with each SFWM during 
the experimental time when the reactors operated under stable conditions. Chloride was 
concentrated in the digesters with the increase of the load and reached values of 4.60, 1.54, 




 for the SFWM1, SFWM2, and SFWM3, respectively. Therefore, the 
enhancement in chloride was in line with the concentration of these compounds in the 
waste mixture. These concentrations are markedly higher than the values described by 
several authors as inhibitory thresholds. Macauley et al. [32] determined that a 




 produces inhibition in microorganism activity, whereas 




 might form 
secondary compounds such as chloroamines in reactions with nitrogen compounds that 
present a marked inhibitory effect in the anaerobic process.  























































Fig. 4. Variation of the chloride concentration and the load added for the different SFWMs with the 
set time 
Soluble phosphorus is another compound whose deficit might induce the inhibition 
of the process. The concentration of soluble phosphorus was quite constant regardless of 
the load added for the SFWM2 and SFWM3, with mean values of 0.53 and 0.12 kg 
Psoluble/m
3
, respectively. On the other hand, the concentration of phosphorus in the reactors 
fed with SFWM1 reached values higher than 2.00 kg Psoluble/m
3
. These variations in the 
concentration of soluble phosphorus are in line with the nutrient balance described for each 
SFWM in Table 1. Thus, the final concentrations of phosphorus were higher with 
increasing proportions of fish waste in the mixtures since this waste has a higher 
concentration of phosphorus than carbon and nitrogen. In all cases, the soluble phosphorus 
concentration was much higher than the values described by Britz et al. [34] and Alphenaar 
et al. [35] for a correct anaerobic digestion process. Moreover, the presence of a high 
concentration of phosphorus would enhance the process stability due to the buffering effect 
provided by phosphate at high loads [36]. Additionally, the recovery of phosphorus from 
the digestate with a view to producing agricultural amendments might have an economic 
relevance in the near future. 





The anaerobic co-digestion of strawberry and fish wastes might be an interesting 
management method involved in the biorefinery approach for the simultaneous treatment 
of both polluting wastes. In terms of treatment capacity, the SFWM1 presented the highest 
OLR (1.88–1.91 kg VS added/m3·d), while the SFWM2 showed the highest methane yield 
(0.205 m
3
STP CH4/kg VS added), with a rG range of 5.13·10
−3–9.27·10−3 m3STP/kg VS·d. 
Both SFWMs were highly biodegradable (around 90 % in VS). The SFWM3 was found to 
be unviable due to the low methane yield coefficient observed. In general, the 
biomethanization of the different SFWMs was stable at low and intermediate loads, 
although chloride and free ammonia were observed to be inhibitory at the highest loads. 
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4.5 Breve descripción del artículo ‘Improvement of mesophilic anaerobic co-digestion 
of agri-food waste by addition of glycerol’ 
 
 La obtención de metano es una de las principales ventajas de la digestión anaerobia 
y de la que depende la viabilidad económica de este proceso visto desde la perspectiva de 
la valorización de residuos. En este estudio se ha propuesto adicionar glicerol residual 
procedente de la fabricación de biodiesel (subproducto que actualmente tiene una salida 
limitada en el mercado), como sustrato fácilmente biodegradable, a una mezcla de 
extrusionado de fresa y residuos de pescado, resultando una proporción de 41:54:5, en SV, 
de glicerol residual, extrusionado de fresa y residuos de pescado, respectivamente. En el 
estudio a escala de laboratorio se ha obtenido un rendimiento en metano de 308 NmL/g 
sólido volátil y una biodegradabilidad superior al 96 %. Además, con el objetivo de 
asegurar la viabilidad del proceso se ha realizado una evaluación económica con respecto a 
la opción de gestión más extendida, la deposición en vertedero. De acuerdo a los datos 
obtenidos y a las estimaciones de costes de la biometanización y de la gestión en 
vertederos, la adición de glicerol permite un ahorro neto en el rango de 25,5 a 42,1 €/t de 
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Abstract 
Anaerobic co-digestion is a promising alternative to manage agri-food waste rather 
than landfilling, composting or incineration. But improvement of methane yield and 
biodegradability is often required to optimize its economic viability. Biomethanization of 
agri-food solid waste presents the disadvantage of a slow hydrolytic phase, which might be 
enhanced by adding a readily digestible substrate such as glycerol. In this study, strawberry 
extrudate, fish waste and crude glycerol derived from biodiesel manufacturing are mixed at 
a proportion of 54:5:41, in VS (VS, total volatile solids), respectively. The mesophilic 
anaerobic co-digestion at lab-scale of the mixture was stable at loads lower than 1.85 g 
VS/L, reaching a methane yield coefficient of 308 L CH4/kg VS (0 ºC, 1 atm) and a 
biodegradability of 96.7%, in VS. Moreover, the treatment capacity of strawberry and fish 
waste was increased 16% at adding the crude glycerol. An economic assessment was also 
carried out in order to evaluate the applicability of the proposed process. Even in a 




pessimistic scenario, the net balance was found to be positive. The glycerol adding implied 
a net saving in a range from 25.5 to 42.1 €/t if compared to landfill disposal.  
Keywords: Crude glycerol; Strawberry waste; Fish waste; Mesophilic anaerobic co-
digestion; Kinetics; Economic assessment 
 
Nomenclature 
Alk   alkalinity (mg CaCO3/L) 
COD   chemical oxygen demand (g O2/kg; g O2/L) 
FS   total fixed solids (g/kg) 
G   methane volume (LSTP; m
3
) 





  ammoniacal nitrogen (g/kg) 
OLR   organic loading rate (kg VS/m
3
·d) 
Ptotal   total phosphorus (g/kg) 
rG   methane production rate (LSTP/m
3
·d) 
SFGM   strawberry extrudate, fish waste and crude glycerol mixture 
STP   standard temperature and pressure conditions (0 ºC, 1 atm) 
t95   time required to reach 95% of the total methane production for each load (d) 
TS   total solids (g/kg) 




V   volume of reactor (L; m
3
) 
VA   volatile acidity (mg acetic acid/L) 
VS   total volatile solids (g/kg) 
YCH4/S   methane yield coefficient (m
3
STP/kg VS; LSTP/g VS) 
 
1. Introduction 
The adequate management of waste streams is currently one of the priorities in developed 
societies. Different legislation has been developed to improve the waste treatment 
efficiency and its sustainability all around the world. Waste management must be focused 
on reduction, reuse and recycling according to the current legislation (Directive 
2008/98/EC on waste in the EU and the Resource Conservation and Recovery Act [RCRA] 
in the United States). This entails to catalog the organic wastes as potential resources in 
different processes. In this context, free disposal in landfill should be the last option to be 
considered given that it presents a serious challenge to natural ecosystems and causes 
considerable environmental and toxicological problems. The economic cost of landfill 
management varies widely in a range of 37-142 €/t in Europe breaking down in gate fees 
and taxes, collection and pre-treatment (sorting and compressing, transport, etc.) (Torfs et 
al., 2004). Gate fees charged by site operators for waste treatment at landfills has been 
reported to be an important portion of the final cost (11-117 €/t) (Torfs et al., 2004; Fischer 
et al., 2012). Moreover, the economic investment in the treatment of the waste is not 
recovered through the simultaneous generation of valuable products (Iglesias, 2007). 
Agri-food industry generates large quantities of polluting waste which are 
traditionally managed together with the organic fraction of municipal solid waste 




(OFMSW) (Rentizelas et al., 2014). An important sector in the agri-food industry is the 
processing of strawberry for the elaboration of marmalade, yogurt and flavorings, which 
employed about 21% (close to 1 million of tons) of the strawberry crops around the world 
in 2011 (FAOSTAT, 2013). However, the remaining waste extrudate (7% of the 
manufactured strawberry weight) requires an adequate treatment (Pollard et al., 2006). 
On the other hand, fish canning industry is another sector that generates polluting 
agro-industrial waste. The world consumption of canned fish accounts for 15% of total fish 
consumed, although in Europe and America the percentage may be as high as 60%. 
Unfortunately, 50-75% of the processed fish became waste (heads, bones and entrails) and 
it is frequently disposed in landfill (Eiroa et al., 2012). 
The join management of different wastes generated in a specific area is an 
interesting alternative to optimize its economic investment and to allow the 
implementation of centralized systems (Teghammar et al., 2013). Anaerobic digestion 
might be an interesting alternative for the management of strawberry extrudate and fish 
waste, which are organic wastes that are at length generated around the world. This 
technique is characterized by the possibility of obtaining energy through the generation of 
methane. Its lower calorific power (LCP), about 35,793 kJ/m
3
STP (STP: 0 ºC and 1 atm), is 
equivalent to 1 kg raw coal or 0.76 kg standard coal (Wheatley, 1990; Zeng et al., 2007). 
This is very interesting due to the enhancement of the electricity and energy costs during 
the last few years. Concretely, the electricity average price for industrial uses in the EU 
increased from 0.105 to 0.118 €/kWh within the period 2010-2012 (Goerten, 2013). 
Additionally, digestate generation is associated with anaerobic digestion process. 
This by-product might be also used for the generation of a stabilized organic amendment, 




overall after a previous stabilization process through composting. The use of the stabilized 
digestate allows recovering N and P by the soils (Koroneos and Nanaki, 2012).  
Previous studies have shown that although single anaerobic digestion of strawberry 
and fish waste is not stable at high organic loading rates (OLRs), the centralized 
management of both wastes enhances the stability of the process while the methane 
production remains at low levels (Serrano et al., 2013; Siles et al., 2013). However, 
methane production might increase by supplementing the waste mixture with readily 
digestible co-substrates, such as the highly available and low-priced glycerol derived from 
biodiesel manufacturing (Van Assche et al., 1983; Ma et al., 2008). The production of 100 
kg of biodiesel yields approximately 10 kg of impure glycerol, with 55-90% glycerol 
(Hazimah et al., 2003). Glycerol presents the advantages of being readily digestible and 
easily storable over a long period compared with other co-substrates (food and animal 
wastes, glucose, cellulose, etc.).  
To the best of our knowledge, the research study published by Serrano et al. (2013) 
is the only study on the simultaneous treatment of strawberry extrudate and fish waste. 
However, some improvements were required to enhance the viability of the combined 
treatment, which might be considered of special interest in areas where both polluting 
waste are generated simultaneously. The main purpose of this research study was to 
evaluate the improvement of the methane generation through the mesophilic anaerobic co-
digestion of strawberry extrudate and fish waste by adding crude glycerol as readily 
degradable co-substrate. This study, focused on the anaerobic digestion, which is deeply 
involved in the biorefinery concept, could be considered of special interest for the 
centralized treatment of these polluting wastes through an environmentally friendly and 
economic technique, as well as to evaluate its viability against other management methods 
like the landfill disposal.  




2. Materials and methods 
2.1. Chemical analyses 
The following parameters were determined in the effluents of each load: pH, total 
chemical oxygen demand (COD, g/kg), total solids (TS, g/kg), total fixed solids (FS, g/kg), 
total volatile solids (VS, g/kg), volatile acidity (VA, mg/L), alkalinity (Alk, mg/L), and 
ammoniacal nitrogen (N-NH4
+
, mg/L). All analyses were carried out in accordance with 
the Standard Methods of the APHA (APHA, 1989). On the other hand, moisture and total 
phosphorus (Ptotal, g/kg) were also analyzed to characterize the solids substrates following 
the test methods for the examination of composting and compost developed by the US 
Department of Agriculture and the US Composting Council (US Composting Council, 
2001). 
2.2. Experimental set-up and procedure 
The experimental set-up used for the anaerobic co-digestion of strawberry 
extrudate, fish waste and glycerol-containing waste is shown in Fig. 1. Details about the 
experimental set-up and procedure are described in the supplementary data file. All the 
experiments, including the start-up, biomass acclimatization and waste treatment, were 
carried out over a 55-day period. 





Fig. 1. Experimental set-up: (1) 1-L Pyrex complete mixing reactor; (2) connections to load feedstock, 
ventilate the biogas, inject nitrogen and remove effluent; (3) thermostatic jacket; (4) 1-L Boyle-Mariotte 
reservoir; (5) closed bubbler; (6) test tube. 
2.3. Substrates 
The raw materials used as substrates were strawberry waste derived from the 
manufacturing of strawberry flavored products, waste derived from the fish canning 
industry and crude glycerol from the biodiesel manufacturing. The strawberry and fish 
waste were provided by the ADESVA Technology Center, located in Huelva (Spain), 
while glycerol was provided by the BIDA S.A. Factory in Fuentes de Andalucia (Seville, 
Spain). Table 1 shows the analytical characterization of these wastes. The specifications of 
the raw materials are described in supplementary data file.  
Strawberry extrudate, fish waste and crude glycerol mixture (SFGM) were blended 
and distilled water was added at a proportion of 2:1, in wet weight basis, of distilled water 
and SFGM, respectively, to facilitate handling and the feeding process of the digesters and 
improve the homogenization of the waste as described previously by other authors (Cheng 
et al., 2011). The SFGM was conserved under freezing conditions to avoid undesirable 
fermentation during the experiments. The proportion in which strawberry extrudate, fish 




waste and crude glycerol were mixed was 54:5:41, in VS, respectively. The criteria to 
make this mixture was to reach an adequate C:N:P balance as described by Thaveesri 
(1995) and Brunetti et al. (1983). Table 1 also includes the analytical characterization of 
the SFGM. 
Table 1. Analytical characterization of the strawberry waste extrudate, fish waste, crude glycerol and their 




Frigate waste Crude glycerol SFGM 
pH - - 5.79 ± 0.03 4.22 ± 0.04 
COD (g O2/kg) 300 ± 10 555 ± 35 1200 ± 50 210 ± 13 
TS (g/kg) 221 ± 2 374 ± 1 596 ± 15 114 ± 2 
FS (g/kg) 9 ± 1 42 ± 1 11 ± 1 3 ± 1 
VS (g/kg) 212 ± 3 332 ± 2 585 ± 16 111 ± 3 
N-NH4
+ 
(g/kg) 1.2 ± 0.1 47.1 ± 1.4 5.0 ± 0.1 1.4 ± 0.1 
Ptotal (g/kg) 1.2 ± 0.1 5.1 ± 0.3 4.2 ± 0.1 0.8 ± 0.1 









2.4. Calculation section 
2.4.1. Organic loading rate (OLR) 
One of the most interesting variables to be determined during the anaerobic 
digestion of organic waste is the treatment capacity. This variable may be measured 
through the rate of substrate addition or OLR, which relates the amount of the waste added 
to the reactor with its volume and time. The present research study allows the added 
substrate to be degraded as much as possible. Consequently OLR was calculated 
considering the substrate concentration added to the reactors and the time required to reach 
95% of the total methane production for each load. 
     
[          ]
   
           (1) 
where [Added load] is the concentration of waste mixture added to the reactors (kg 
VS/m
3
) and t95 time required (d) to reach 95% of the total methane production for each 
load. 
2.4.2. Methane production rate (rG) 
The methane production rate (rG) values were determined from the time required to 
reach 95% of the total methane production for each load (t95, d), the methane volume (G; 
LSTP) generated at t95 and considering the volume of the reactor (V; m
3
) according to 
equation (2). 
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2.4.3. Heating power  
The values of heating power (W/kg VS) were obtained from the values of methane 
production rate (rG; m
3
/s), the LCP for methane (kJ/m
3
STP), the load added to the digesters 
(kg VS/m
3
) and considering the volume of the reactors (V; m
3
). The values were calculated 
through the following equation: 
              
      
[          ]  
                        (3) 
2.4.4. Energy yield 
The values of energy yield (kJ/kg VS) were obtained from the methane yield 
coefficient (m
3
STP/kg VS) and the LCP for methane (kJ/m
3
STP). The following equation was 
employed to calculate the energy yield values: 
                  
 ⁄
                 (4) 
2.5. Software 
Sigma-Plot software (version 11.0) was used to create the graphs, perform the 
statistical analysis (mean values and standard deviations) and fit the experimental data 
presented in this work to linear regressions. 
3. Results and discussion 
3.1. Stability of the anaerobic co-digestion process 
The stability of biomethanization was monitored through the variation in the pH, 
the alkalinity and the VA in the digesters at the end of each load. According to the 
literature, the usual optimal pH range for methanogenic bacteria varies between 7.1 and 7.8 
as extreme values (Wheatley, 1990; Liu et al., 2008). The process operated at pH values 
close to the optimal range over the experimental time (Fig. 2), although the pH values in 




the digesters decreased at increasing the added load until reaching a final value close to 
7.2. Furthermore, Fig. 2 also shows the evolution of the alkalinity and VA in the digesters. 
The tendency of the alkalinity was in line with the decrease of the pH at increasing of the 
added load. Specifically, alkalinity values decreased from 5655 to 2411 mg CaCO3/L. In 
contrast, VA remained almost constant throughout the experiments with a mean value of 
679 ± 160 mg acetic acid/L. 
Time (d)



































































Start-up Acclimatization Set conditions
Fig. 2. Variation in the volatile acidity, alkalinity, pH and the added load with the experimental time (start-
up, acclimatization and set conditions). 
On the other hand, Lane (1984) described that for stable digestions it is imperative 
that a satisfactory ratio between VA and alkalinity levels should be maintained. This ratio 
is given by the empirical relationship Alk (mg CaCO3/L) - 0.7   VA (mg acetic acid/ L), 
which should not be less than 1500 for balanced digestion to occur. Its values were found 
to be always higher than 1500, although a decrease from 4228 to 2078 was observed for 
increasing loads. This fact might entail the occurrence of a negative effect in the digestion 
process. However, these negative effects occurred at higher loads than those described for 
the individual anaerobic treatment of crude glycerol (Siles et al., 2009). These authors 
reported stable conditions until loads of 3.00 g COD/L of crude glycerol against the load of 
1.85 g VS/L of SFGM (5.00 g COD/L) reached in the present research. These results 




showed a clear positive synergy in the stability when glycerol is co-digested with 
strawberry extrudate and fish waste. Moreover, the glycerol addition allows the 
enhancement of the treatment capacity of the agri-food wastes (strawberry and fish), whose 
single biomethanization presented a maximum allowed load of 1.5 g VS/L for each waste 
(Siles et al., 2013).  
3.2. Methane yield coefficient 
As it was described previously, one of the most interesting purposes when 
anaerobic co-digestion is implemented is to improve the methane yield. In accordance with 
Fig. 3, the methane production rate increased (rG, LSTP/(m
3
·d)) with the OLR (kg 
VS/(m
3
·d)) added to the digesters. The methane yield coefficient was calculated through 
the slope of the line that fits the correlation between the methane production rate for each 
load and the OLR in the digesters, reaching a mean value of 308 LSTP CH4/kg VS. This 
value is markedly higher than the methane yield coefficient reported for the single 
biomethanization of strawberry extrudate (230 LSTP CH4/kg VS) (Siles et al., 2013) and 
fishwaste (129 LSTP CH4/kg VS) (Fernandez, 2011). Serrano et al. (2013) studied the 
anaerobic co-digestion of strawberry extrudate and fish waste at the respective proportion 
83:17, in VS, under the same experimental conditions. These authors reported a methane 
production yield of 120 LSTP CH4/kg VS, which is several times lower than the value 
obtained in the present research. The marked enhancement of the methane production yield 
might be a consequence of the high degradability of crude glycerol as well as the 
improvement of the nutrient balance or the dilution of the chlorides from the fish waste. 
The soluble character and molecule size make glycerol more easily accessible for the 
microorganisms, which implies its higher degradation and the consequent higher methane 
yield (Ortega et al., 2008). 


























m = 308 LSTP CH4/kg SV
r2 = 0.9308
 
Fig. 3. Variation of the methane production rate (LSTP/m
3·d) with the organic loading rate (kg VS/m3·d). 
Table 2. OLR and power production for the different loads added to the digesters. 
Load 
(g VS/L) 
Energy yield  
(kJ/kg VS) 
Heating power  





0.37 17,471 49 0.62 
0.56 16,382 54 1.09 
0.74 17,277 48 1.25 
0.93 15,822 44 1.56 
1.11 14,079 50 2.44 
1.30 13,406 43 2.55 
1.48 12,997 36 2.49 
1.67 11,722 50 4.26 
1.86 13,913 35 2.81 
 




Considering these results, the energy yield that could be obtained per unit of SFGM 
treated is an interesting variable in order to design an industrial digester, its treatment 
capacity or the inclusion of an economically viable pretreatment. The energy yield was 
calculated from the methane production yield determined in each load and the LCP 35,793 
kJ/m
3
STP (Wheatley, 1990) as is described in Section 2.4.4. The energy yield values were 
found to be in the range of 11,722-17,471 kJ/kg VS, as it is shown in Table 2. On the other 
hand, the heating power of the process can be obtained through the methane production 
rate, whose values are shown in Fig. 3, and the lower calorific value according to eq. (3). 
Calculated heating power corresponds with each OLR expressed in Table 2 and it was 




Biodegradability of the treated mixture under the study conditions is another 
interesting variable to be determined. The biodegradability was determined by plotting the 
removed VS against the added VS in the digesters. According to Fig. 4, the 
biodegradability of the SFGM was 96.7%, in VS. This percentage is an intermediate value 
between the value obtained in the single treatment of strawberry extrudate and fish waste. 
Concretely, the biodegradability percentages determined for the strawberry extrudate, fish 
waste and crude glycerol treated independently were 90, 83 and 100%, in VS, respectively 
(Siles et al., 2009; Serrano et al., 2013). However, it is higher than the values described for 
agri-food waste by several authors. For example Regueiro et al. (2012) described COD 
removal efficiencies of 65-70% in the anaerobic co-digestion of biodiesel waste, fish waste 
and pig manure with different proportions under mesophilic conditions. Consequently, the 
enhancement of the methane production and the biodegradability, respect to the anaerobic 
digestion of agri-food wastes in absence of glycerol, could correspond to the addition of 
crude glycerol to the mixture. This increase might be a consequence of the biodegradable 




nature of this molecule and/or presence of some additional nutrients contained in glycerol-
containing waste (Siles et al., 2009). The enhancement of the biodegradability values could 
be also a consequence of the increase of the active biomass growth in the system at adding 
glycerol, as it was described by Fountoulakis et al. (2010). 
VS added (g VS/kg)


























m = 0.9668 g VS removed /g VS added
r² = 0.9870
 
Fig. 4. Plot of the amount of substrate removed (g VS/kg) against the substrate added (g VS/kg) for all the 
experiments to obtain the biodegradability percentage. 
3.4. Organic loading rate 
The values of OLR, which were calculated through eq. (1), are shown in Table 2. 
The OLR values presented a tendency to increase with the substrate added to the digesters 
from 0.62 to 4.26 kg VS/(m
3
·d), with just little variations for the loads within the range of 
1.11-1.48 g VS/L. Moreover, a marked decrease in the OLR values was observed at the 
final load, which could be a consequence of the destabilization of the digesters. In general, 
the effect derived from the enhancement of the OLR was a progressive decreasing of the 
heating power obtained. Nevertheless, the observed OLRs were higher than those 
described by Serrano et al. (2013) for the mesophilic co-digestion of strawberry extrudate 
and fish waste at the proportion of 83:17, in VS, respectively (an average OLR of 1.90 kg 






·d)). Specifically, the addition of glycerol to the agri-food mixture allows an 
increase of the strawberry extrudate and fish waste treatment capacity from 25.5 to 30.3 kg 
strawberry and fish waste/(m
3
reactor·d) (an enhancement higher than 16%), considering that 
crude glycerol was degraded completely. Gómez et al. (2006) studied the co-digestion 
process of fruit and vegetable wastes with primary sludge under mesophilic and low 
mixing conditions in four 3-L reactors. These authors reported an OLR between 0.82 at 
1.10 kg VSadded/(m
3
·d), which is slightly lower than the range described in the present 
research study due to sewage sludge is not so biodegradable as glycerol. 
3.5. Economic assessment 
Given that the cost of waste treatment through landfilling could be an impact in the 
economic viability of any business, it is necessary to evaluate the estimated cost of the 
anaerobic digestion for the proposed SFGM. The net benefit of the treatment process was 
determined as the difference between the estimated benefit of the biomethanization and the 
cost of the landfill treatment, which is the usual management process for agri-food waste. 
According to Tanskanen (2000), the cost of the treatment by landfilling can be defined as 
the sum of the transport and the operating cost, reaching in Europe average prizes of 102.3 
€/t and 25.2 €/t, respectively (excluding the fee taxes). Likewise, the management cost by 
landfilling might increase if the potential environmental impacts such as changes of the 
values of neighboring real estate, remediation cost of polluted soils and waters, medical 
spending due to influenced human health, etc. were considered (Weng and Fujiwara, 
2011). 
The estimated economic assessment of the anaerobic codigestion is summarized in 
Table 3. The adopted assumptions were: 
- The energy production was obtained from the methane yield (308 LSTP/kg VS). 




- The efficiency in the energy obtained through a biogas engine was 39% for 
electricity and 45% for heat production (Eder and Schulz, 2007). 
- Energy self-supply reached 15% of the electricity and 50% of heat generated by 
the system (Angelidaki et al., 2006). 
- The prizes of electricity and heat were fixed in 0.12 €/kWh and 0.06 €/kWh 
respectively (Goerten, 2013; EUROSTAT, 2013). 
- The employment of digestate as organic amendment was considered without 
economic interest. 
- The operational costs and the initial investment amortization were fixed in 7.3 €/t 
and 6.0 €/t, respectively (Angelidaki et al., 2006). 
- The operational cost of landfill was estimated in 25.2 €/t (Tanskanen, 2000). 
The energy production was considered the main benefit derived from the proposed 
anaerobic co-digestion. The expected energy has been obtained through a biogas engine, 
with efficiency in the typical range for CHP plants, from the methane yield coefficient 
described previously. Considering the electricity and heat prizes, the plant would produce 
15.9 and 9.2 €/t of electricity and heat, respectively. The electricity excess can be sold to 
the energy companies. Consequently, the profit derived from the electricity excess reaches 
a value of 13.6 €/t. On the other hand, the re-use of the heat depends strongly on the local 
circumstances. Thus, an estimation of the economic benefit derived of the heat was 
calculated through the price of the kWh for natural gas in 2013 in Spain (0.06 €/kWh), 
reaching a benefit in a range from 0.0 to 4.6 €/t (EUROSTAT, 2013). Finally, the benefit 
derived from the organic amendment and government aids have not been considered given 
that it depends on several factors such as the region, the environmental policies or the 




quality of the organic amendment, but a typical value range oscillates between 0.0 and 9.0 
€/t (Evans and Wilkie, 2010). The digestate could be applied after a composting process to 
strawberry crops with the consequent economic and environmental benefits. Likewise, the 
nutrient recovery by applying the organic amendment allows improving the independence 
of the chemical fertilizers (Bustamante et al., 2012). 
Table 3. Estimated economic balance for the anaerobic co-digestion of the agri-food waste and landfill 
management. 
Benefit (€/t) Cost (€/t) 
Direct use (in situ) Power 
Methane electricity power 15.9 Electricity 2.3 
Methane heating power 9.2 Heat 4.6 
Indirect use (outsite) Operational cost 
Methane electricity power (excess) 13.6 Running 7.3 
Methane heating power (excess) 0.0-4.6 Repayment (10 years) 6.0 
Optional profit 
  
Organic amendment 0.0-9.0   
Goverment aids (%) 0-50   
Total benefit 13.6 -27.2 Total cost 13.3 
Pessimist net balance: 0.3 €/t 
Optimist net balance: 16.9  €/t 
Landfill management cost (€/t)  
Transport cost  102.3 
Operational cost 25.2 
Total cost 127.5 
 
Table 3 also shows the cost derived from the biomethanization process. According 
to Angelidaki et al. (2006), the electricity and heat generated are higher than the 
requirements of the process considering the methane yield coefficient reported. The cost of 




power was found to be 2.3 and 4.6 €/t for electricity and heat, respectively. Therefore the 
economic costs are compensated by the generated power. Also, the same authors 
established an operational cost of 7.30 €/t, where handling and running cost are included. 
On the other hand, it was proposed to amortize the initial investment in a period of ten 
years with a cost of 6.0 €/t (Angelidaki et al., 2006). In general, the co-digestion of agro-
industrial wastes generated in the same area allows omitting the cost derived of extra 
nutrients requirements in the digester, pre-treatments or even important transport charge. 
Given that the transport charges, which could reach a value of 5.14  0.12 €/t km (Rathi, 
2007), are common to the different management technics, its inclusion in an economic 
comparison might be avoided. The final cost of the process would be in a range of 0.3-16.9 
€/t which means a net saving of 25.5-42.1 €/t respect to the landfill management (operation 
cost: 25.2 €/t) omitting the transport cost in both chases. So, the proposed treatment 
presents an important economic interest for agro-industrial areas comparing with landfill 
management, even in pessimist evaluation. 
According to the previous data, the benefit of the process is positive at OLRs higher 
than 1.69 kg VS/(m
3





·d). At lower OLRs, the methane production rate is not enough to compensate the 
energy requirements and the process costs. 
 
4. Conclusions 
The anaerobic co-digestion of strawberry extrudate and fish waste is an efficient 
management method, but the improvement of the treatment capacity is desirable to ensure 
its viability from the environmental and economic point of view. In this research study, the 
addition of glycerol to strawberry and fish waste mixture allowed a methane yield 




coefficient of 308 LSTP/kg VS (65% higher than the anaerobic co-digestion without 
glycerol addition), which entails an energy yield of 12,134 kJ/kg VS. The addition of 
glycerol also increased the treatment capacity of strawberry and fish waste around 16%. 
An economic assessment allowed calculating a net saving of 25.5-42.1 €/t respect to the 
landfill disposal. Thus, the proposed centralized treatment allows managing different waste 
with positive consequences to the environment and the industry. However, further research 
would be required regarding the scale up of the process as well as the evaluation of their 
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Supplementary data file 
Annex 1. Experimental set-up and experimental procedure 
The experimental set-up used for the anaerobic co-digestion of strawberry 
extrudate, fish waste and glycerol-containing waste consisted of two 1-L Pyrex complete 
mixing reactors working under mesophilic temperature (35ºC), in semi-continuous mode 
as described Serrano et al. (2013) (Figure 1). On the other hand, methane volume was 
corrected in order to remove the effect of water steam pressure and the measured methane 
was then expressed at standard temperature and pressure conditions (STP: 0ºC and 1 atm). 
The reactors were inoculated with granular biomass, which was obtained from a 
full-scale anaerobic reactor used to treat brewery wastewater from the Heineken S.A. 
Factory (Jaen, Spain) (pH= 7.84; VS = 65,300 ± 50 mg/L). The inoculum methane 
production rate was determined to be 114 mLSTP CH4/(g COD·h). The inoculum was 
selected on the basis of its high methanogenic activity (Field et al., 1988). 
Anaerobic reactors were initially loaded with 7 g VS of granular sludge with high 
methanogenic activity. In order to bio-stimulate the biomass prior to the experiments, the 
reactors were first fed with a synthetic solution composed of glucose, sodium acetate and 
lactic acid at concentrations of 50 g/L, 25 g/L and 21 mL/L, respectively. During this 
initial period, the organic load added to the reactors was gradually increased from 0.50 to 




2.00 g COD/L over a 15-day period. Aiyuk et al. (2006)
 
described a COD:N:P ratio of 
300:5:1 for the start-up of the process. The nutrients (mainly nitrogen and phosphorus) and 
trace element solutions described by Fannin (1987)
 
and Field et al. (1988)
 
were therefore 
added when the sludge was loaded. Both solutions are very important for activating 
microbial growth and metabolism at the beginning of the process. 
During the subsequent acclimatization period, the feeding was carried out with join 
loads of GAL and SFGM, increasing the concentration of waste mixture progressively. The 
SFGM added in the acclimatization varied from 0.00 to 0.40 g VS/L in four steps. Each 
load was carried out at least in triplicate. The maximum duration of each assay was 24 
hours for both reactors, in the bio-stimulation and acclimatization periods. 
During the set of experiments using the raw waste mixture, the organic load added 
to the reactors was then gradually increased from 0.40-1.85 g VS/L. Each load was carried 
out at least in duplicate. In all cases, the volume of methane was measured as a function of 
time and samples were taken and analyzed before and after feeding. The solid fraction of 
digestate (which included microorganisms and non-biodegraded substrate) was recovered 
from the samples by centrifugation at 2,000 rpm and recirculated into the digesters. The 
duration of each experiment was equal to the time interval required to exhaust gas 
production and VS removal; specifically this time was up to 48 hours in the experiments 
with the highest loads. All the experiments, including the start-up, biomass acclimatization 
and waste treatment, were carried out over a 55-day period.  
 
Annex 2. Substrates 
Strawberry waste was mainly composed of a residual strawberry extrudate obtained 
after the squeezing of a strawberry mush. The residual extrudate was composed by the 




fibrous part retained, while the fleshy part (pulp) was destined for diverse manufacturing 
processes such as dairy or drink industries. Therefore, strawberry waste had a high 
concentration of lignin mainly concentrated in the achenes (dark brown granules), which is 
well-known as inhibitor of the anaerobic digestion process (Levén et al., 2012); 
specifically 26.9 ± 1% dry weight basis. Therefore, as first step, achenes were removed 
through sieving (1 mm mesh size) in order to enhance the methane production and the 
stability of the process (Siles et al., 2013). 
Fish waste was composed of fish heads, viscera and backbones derived from the 
frigate canning process. The single anaerobic digestion of this waste is not available due to 
fish waste has a high concentration of chlorides, which are well-known disinfectant agents. 
The chloride concentration determined in the fish waste was 26.5 ± 1.00 g/kg, wet weight 
basis. This high value is in line with the value reported for fish waste by Álvarez et al. 
(2010) who reported a chloride concentration of 34.9 g/kg, wet weight basis. 
The generated crude glycerol used as substrate derives from the manufacture of 
biodiesel from used-cooking oils. It contained glycerol, water, methanol, salts and fatty 
acids. Crude glycerol was previously treated through acidification with phosphoric acid 
and centrifugation to recover the catalyst used in the transesterification reaction (KOH) as 
agricultural fertilizer (potassium phosphates). 
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4.6 Breve descripción del artículo ‘Anaerobic co-digestion of sewage sludge and 
strawberry extrudate under mesophilic conditions’ 
 
 El objetivo de este trabajo es mejorar la producción de metano y la 
biodegradabilidad anaerobia del lodo de depuradora mediante la adición de extrusionado 
de fresa, un residuo que permite acercar el balance de nutrientes en la mezcla a los 
requerimientos de los microorganismos, a la vez que diluye los inhibidores y 
contaminantes presentes en el lodo (nitrógeno, metales pesados y contaminantes 
emergentes).  
Tras la evaluación de las variables más relevantes del proceso, y que garantizan su 
viabilidad, obteniendo un rendimiento en metano de 176 NmL/g SV y una 
biodegradabilidad del 81 %, en SV, se han analizado las concentraciones de los metales 
pesados recogidos en la Regulación (EC) No 2003/2003 del Parlamento Europeo y del 
Consejo, relativa al uso de fertilizantes, tanto en los residuos utilizados como en el 
digestado final obtenido en el proceso de co-digestión. Los resultados han mostrado que el 
proceso estudiado permite obtener un digestado con una concentración de metales inferior 
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Abstract 
The biomethanization of sewage sludge has several disadvantages such as low 
methane yield, poor biodegradability and nutrient imbalance. In this paper, a sewage 
sludge and strawberry extrudate mixture in a proportion of 40:60 (wet weight) is proposed 
to improve the viability of the process. The addition of an easily biodegradable co-
substrate enhanced the nutrient balance and diluted the heavy metals and inhibitors from 
sewage sludge. Two different experimental set-ups at lab and semi-pilot scale were 
employed in order to ensure the reproducibility and significance of the obtained values. 
Co-digestion improved the stability of the process by decreasing the alkalinity to a mean 
value of 3215 ± 190 mg CaCO3/L, while maintaining the pH within the optimal range for 
anaerobic digestion. The methane yield coefficient and biodegradability were 176 L/kg VS 
(total volatile solids) (0 ºC, 1 atm) and 81% (VS), respectively. Kinetic parameters 
decreased at the highest loads, suggesting the occurrence of a slowing down phenomenon. 
A quality organic amendment with a heavy metal content lower than the limits established 




under European legislation for agricultural applications was obtained from the digestate of 
the proposed treatment. 
Keywords: sewage sludge; strawberry extrudate; mesophilic anaerobic co-digestion; 
volatile fatty acids; digestate 
 
Nomenclature 
C2   acetic acid (mg C2/L) 
G  cumulative methane volume (mL) 
Gm   cumulative methane volume at infinite time (mL; mL/L) 
GT   experimental maximum methane volume (mL; mL/L) 
VFA   volatile fatty acidity (mg C2/L) 
YCH4/S   methane yield coefficient (mL CH4/g VS) 
 
1. Introduction 
The management of sewage sludge is one of the most important problems 
associated with the treatment of wastewater around the world. Managing this polluting 
waste is difficult as sewage sludge contains heavy metals, organic micropollutants and 
pathogens which limit its direct application to soil, thus requiring the hygienization of the 
final product [1] as well as the huge volume generated in wastewater treatment plants. In 
Europe, the estimated average of dry weight per capita production of sewage sludge 
resulting from primary, secondary and even tertiary treatment is 90 g per person a day.[2] 
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To prevent environmental pollution and human health risks the efficient treatment of this 
sewage sludge is, therefore, necessary. To achieve this aim, the European Union has set the 
target to reduce final waste disposal by 20% in 2010 and by 50% in 2050 (compared to 
2000).[3] However, waste disposal in landfill sites is not a viable management option due 
to its negative environmental impact. 
Anaerobic digestion is a highly efficient process which produces methane as a final 
product that can be used as an energy source for electricity and on-site heating due to its 
high heating value (35,793 kJ/m
3
STP) (STP, standard temperature and pressure conditions: 
0 ºC, 1 atm).[4] Moreover, a very wet residue called digestate, which is a mixture of 
partially degraded organic matter, microbial biomass and inorganic compounds, is 
produced during biomethanization and could be used as a base for fertilizer or organic 
amendment.[5,6] Anaerobic digestion is one of the treatment methods established in the 
Working Document on sludge and biowaste (2010), which is a proposal to revise Directive 
86/278/EEC on the agricultural use of sewage sludge and sewage sludge management and 
whose application will be extended in coming years. Nevertheless, the anaerobic treatment 
of sewage sludge as a single substrate involves problems such as poor degradability that 
results in higher retention times and mixing costs, as well as lower biogas production.[7] 
Moreover, the high content in heavy metal, especially cadmium, advises against the 
application of sewage sludge as an organic amendment in agriculture.[8] 
Given these limitations, co-digestion processes have been proposed to improve the 
efficiency and viability of the anaerobic digestion of sewage. Co-digestion with 
agricultural waste could improve the biomethanization of sewage sludge and the recovery 
of nutrients by soil. The codigestion of different organic substrates might improve the 
stability of the process as it enhances biodiversity in the reactor and reduces the 
concentration of inhibitors in the sewage sludge, thus producing synergistic effects such as 




an increase in methane production or the organic loading rate.[9] Furthermore, digestate 
quality must be taken into account in the co-digestion process, including the selection of 
substrate in order to use digestates as fertilizers without the additional cost of post-
digestion conditioning treatments.[5] The application of digestates from the 
biomethanization process of sewage sludge and agroindustrial wastes has been described 
by several authors given that the process allows recovering the nutrients from the waste 
without the problem associated with the direct application of sewage sludge to the 
soils.[6,10]  
Due to its availability and composition, strawberry extrudate might be an 
interesting substrate to be co-digested with sewage sludge as strawberry extrudate has high 
C/N ratio and low heavy metal content. Previous research has shown the enhancement of 
sewage sludge biomethanization at adding vegetable wastes as co-substrates.[11,12] 
Strawberry extrudate is generated during the processing of strawberry for the production of 
marmalade, yogurt and flavourings, which employed about 21% (close to 1 million tons) 
of strawberry crops around the world in 2011.[13] Most of these products are obtained 
from mashed strawberries which are pressed to extract the desired compounds (flavours). 
The remaining waste extrudate becomes around 7% of the manufactured strawberry weight 
and must be managed adequately.[14]  
The main purpose of this research study is to evaluate the viability of the anaerobic 
co-digestion of sewage sludge by adding strawberry extrudate as a co-substrate at a 
proportion of 40:60, in wet weight, respectively. The quality of digestate for its application 
in agriculture is also characterized. The study can be considered of great interest for 
evaluating the viability of the combined treatment at pilot or full scale in areas where both 
forms of waste are generated simultaneously. 
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2. Materials and methods 
2.1. Chemical analyses 
The parameters determined in the effluents of each load were pH, COD (chemical 
oxygen demand, mg/kg), TS (total solids, mg/kg), FS (total fixed solids, mg/kg), VS (total 
volatile solids, mg/kg), VA (volatile acidity, mg acetic acid/L), Alk (alkalinity, mg 
CaCO3/L), soluble phosphorus (mg/L) and N-NH4
+
 (ammoniacal nitrogen, mg/L). All 
analyses were carried out in accordance with the Standard Methods of the APHA.[15] The 
same parameters and the total phosphorus (Ptotal, g/kg) were analysed to characterize the 
sewage sludge, the strawberry extrudate and the sewage sludge–strawberry extrudate 
mixture following the test methods for the examination of composting and compost 
developed by the US Department of Agriculture and the US Composting Council.[16] 
Separate volatile fatty acids (acetic, propionic, butyric, isobutyric, valeric, 
isovaleric and caproic acids) were determined using a Hewlett-Packard HP-5890 gas 
chromatograph equipped with a 15m×0.53mm (i.d.) Nukol-silica semicapillary column and 
a flame ionization detector. The oven temperature was gradually increased from 100 ºC to 
150 ºC at a rate of 4 ºC/min. Helium (28.6 kPa), nitrogen (28.6 kPa), hydrogen (14.3 kPa) 
and air (28.6 kPa) were used as carrier gasses at a flow rate of 50 mL/min. Metal content 
(HCl digestion) was determined by Xame photometry [17] with a Perkin–Elmer A Analyst 
300 atomic absorption spectrophotometer. 
2.2. Experimental set-up 
The experimental set-up used for the anaerobic co-digestion consisted of two 1.0-L 
and two 3.5-L working volume Pyrex completely mixed reactors working in parallel under 
mesophilic temperature (35 ºC) and in batch mode. Both reactor volumes were selected in 
order to ensure the reproducibility and significance of the results obtained in the present 




research work. The reactors were equipped with four connections to load feedstock, 
ventilate biogas and inject inert gas (nitrogen) in order to maintain the anaerobic conditions 
and remove effluent. The content of the reactors was mechanically stirred and the required 
temperature was maintained by a thermostatic jacket containing water at 37 ºC. The 
volume of methane produced during the process was measured using 1.0-L and 2.0-L 
Boyle–Mariotte reservoirs connected to each reactor for the 1.0-L and 3.5-L reactors, 
respectively. To remove the CO2 produced during the process, tightly closed bubblers 
containing a NaOH solution (6 N) were connected between the two elements. The volume 
of methane displaced an equal measurable volume of water from the reservoirs. This 
volume was corrected in order to remove the effect of water steam pressure and the 
measured methane was then expressed at standard temperature and pressure conditions 
(STP: 0 ºC and 1 atm).  
The reactors were inoculated with methanogenically active granular biomass 
obtained from a full-scale anaerobic reactor used to treat sewage sludge from the urban 
wastewater treatment plant of Jerez de la Frontera (Cadiz, Spain) (VS: 53,680 mg/kg; FS: 
14,945 mg/kg and methane production rate: 58 mLSTP CH4/g COD·h). 
2.3. Substrate 
The raw materials used as substrate were sewage sludge and strawberry extrudate. 
The sewage sludge was collected from an urban wastewater treatment plant equipped with 
an aeration tank located in Puente Genil (Cordoba, Spain). The wastewater treatment plant 
generates a sewage sludge flow rate of 68.44 tons per year, on dry basis. The sewage 
sludge was composed of primary and secondary sludge. The sludge was dehydrated in the 
plant by centrifugation after the addition of coagulant and flocculant. This waste presents a 
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nutrient balance with a notable deficit in carbon compared to nitrogen and phosphorus 
(28:2:1). 
The strawberry extrudate was supplied by the Hudisa Company (Huelva, Spain). 
The strawberry waste was mainly composed of a residual strawberry extrudate obtained 
after the squeezing of a strawberry mush. The residual extrudate was composed of the 
retained fibrous part, while the fleshy part (pulp) was used for diverse manufacturing 
processes in dairy or beverage industries. The achenes were removed from the strawberry 
extrudate by sieving during the industrial procedure. These achenes present a high content 
of lignin which hinders the biomethanization process.[18] The strawberry extrudate had a 
COD:N:P ratio of 225:2:1. The main analytical characteristics of both substrates are shown 
in Table 1. 
The substrate mixture consisted of sewage sludge and strawberry extrudate at a 
ratio of 40:60 (wet weight), respectively. The addition of strawberry extrudate to the 
sewage sludge improved the C:N:P balance, with a nutrient balance of 89:2:1 observed for 
the mixture, allowing an adequate C:N:P balance as described by Thaveesri [19] and 
Brunetti et al.[20] The mixture also entails an improvement in the C/N ratio compared with 
the individual waste. Moreover, the proposed mixture allows the joint treatment of both 
hazardous and polluting wastes in a centralized digester in areas where these wastes are 
generated simultaneously. The mixture was blended and diluted three times with distilled 
water to facilitate handling and the feeding process of the digesters, at least at lab scale, 
thus improving the homogenization of the mixture. The mixture was conserved under 
freezing conditions. The main analytical characteristics of the mixture are also shown in 
Table 1. 
 




Table 1. Analytical characterisation of the sewage sludge, strawberry waste extrudate, and sewage sludge 
and strawberry extrudate mixture (40:60, in wet weight basis, respectively) 
 Sewage sludge 
Strawberry 
extrudate 
Sewage sludge: Strawberry 
extrudate mixture  
pH 7.76 ± 0.07 3.53 ± 0.10 5.45 ± 0.05 
Alkalinity (mg 
CaCO3/kg) 
14,370 ± 160 - 3,040 ± 210 
Moisture (%) 89.3 79.5 90.3 
COD (g O2/kg) 117 ± 8 280 ± 3 89 ± 1 
TS (g/kg) 107 ± 1 205 ± 2 74 ± 3 
MS (g/kg) 31 ± 1 10 ± 1 9 ± 1 
VS (g/kg) 76 ± 1 195 ± 2 65 ± 3 
N-NH4
+
 (mg /kg) 7094 ± 446 2308 ± 124 1794 ± 75 
Ptotal (mg /kg) 4225 ± 372 1242 ± 35 998 ± 80 
C/N 16 121 50 
COD:N:P 28:2:1 225:2:1 89:2:1 
 
2.4. Anaerobic digesters: experimental procedure 
The reactors were initially loaded with 7 g VS/L of anaerobic sludge as inoculum. 
In order to bio-stimulate the biomass prior to the experiments, the reactors were first fed 
with a synthetic solution composed of glucose, sodium acetate and lactic acid (GAL) at 
concentrations of 50, 25 and 25.2 g/L, respectively. During this initial period, the organic 
load added to the reactors was gradually increased from 0.25 to 1.0 g COD/L for 1.0-L 
reactors and from 0.5 to 2.0 g COD/L for 3.5-L reactors.  
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Biomass acclimatization was then carried out. The reactors were fed with loads of 
1.0 g COD/L in which the percentage of waste mixture in the COD was increased from 
25% to 100% after three loads. During this acclimatization period, the volume of methane 
was measured as a function of time. The maximum duration of each assay in this stage was 
48 h and corresponds to the time interval required to exhaust gas production and substrate 
removal. The period of start-up and acclimatization was 30 d.  
During each set of subsequent experiments with the pure mixture, the organic load 
added to the reactors was gradually increased from 1.0 to 4.5 g COD/L (0.6 to 2.6 g VS/L) 
at intervals of 0.5 g COD/L for 1.0-L reactors and from 2.0 to 9.0 g COD/L (1.2–5.3 g 
VS/L) for 3.5-L reactors. Each load was carried out in triplicate. In all cases, the volume of 
methane was measured as a function of time and samples were taken and analysed before 
and after feeding. The solid fraction of digestate (which included microorganisms and non-
biodegraded substrate) was recovered from the samples and recirculated into the digesters 
after centrifugation at 2000 rpm. The maximum duration of each assay in this stage was 72 
h, which corresponds to the highest substrate concentration added to the digesters. The 
experiments were carried out over a 90-d period. 
2.5. Calculation section: kinetics of methane production 
According to Winkler [21], the variation in biodegradable substrate with time can 
be represented by the following first-order differential equation:   
                     
(1) 
where Sb is the biodegradable substrate (g VS/L), K is the specific kinetic constant (L/(g 
VS·h)), X is the concentration of sludge in the reactors (g VS/L) and t is the time (h). 












the experiments due to the low biomass yield coefficient in anaerobic processes [4] and 
considering that the yield for the conversion of biodegradable substrate into methane is 
defined as: 
 
                    (2) 
the following expression may be obtained: 
                         (3) 
Eq. 3 allows relating the accumulated volume of methane (G, mL) with time (t) once the 
concentration of sludge (X) and the kinetic constant (K) are known. Moreover, the previous 
equation can be reordered in the form shown in equation 4, as microorganism 
concentration is considered to be constant K×X=K'; where K’ (1/h) is an apparent kinetic 
constant: 
                                                                    (4) 
The K’ and Gm values for each load were calculated numerically from the experimental 
data obtained by non-linear regression using Sigma-Plot (version 11.0).  
 
3. Results and discussion 
3.1. Stability 
The stability of the process was monitored through the variation in the pH, the 
alkalinity and the VFA in the digesters at the end of each load. Figure 1 shows the 
variation in the pH, alkalinity and added load against the running time for the different 
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ups and almost constant. The values varied in a range from 7.30 to 8.10 in the different 
reactors. These values are within the optimal values described by several authors for the 
correct working of methanogenic activity, which varies between 7.1 and 7.8 as extreme 
values.[4,22] Furthermore, the alkalinity values were virtually constant throughout the 
process with average values of 3025 ± 135 and 3405 ± 155 mg CaCO3/L for 1.0 and 3.5-L 
reactors, respectively. Thus, the stability of the pH values was in line with the alkalinity 
values which permit an appropriate buffering capacity of the system.[23]  
Time (d)





















































Figure 1. Variation in alkalinity, pH and the added load with the experimental time of 90 d. 
The correct working of the process also depends on the accumulation of different 
compounds such as VFA, ammoniacal nitrogen or soluble phosphorus. The concentration 
and composition of the VFA were analysed after each load in order to evaluate the correct 
working of the different steps of the anaerobic digestion process. Table 2 shows the 
concentration values of C2–C6 and total VFA for the 3.5-L reactors. As can be seen, the 
total VFA concentration varied from 250 to 165 mg C2/L at increasing the added load from 
1.17 g VS/L to 2.94 g VS/L with a maximum of 329 mg C2/L for an added load of 1.76 g 
VS/L. There are two clearly differentiated areas. In the first step, hydrolytic activity was 
high, thus increasing the total VFA concentration, corresponding with the first 27 d of the 




experimental time (equivalent to a load range from 0.6 to 2.1g VS/L). In the second step, 
the VFA concentration was reduced due to the prevalence of methanogenic activity. In this 
final phase, the hydrolysis of the substrate slows down, and is the limiting step in the 
generation of methane as a final product.[24] Moreover, the composition of VFA did not 
show a significant variation at increasing the added load. Specifically, the VFA 
composition showed a mean distribution of 62 %, 10 %, 23 %, 3 % and 3 % for C2–C6, 
respectively, throughout the experiments. The concentration of ammoniacal nitrogen and 
soluble phosphorus was monitored in the reactors throughout the experimental time. The 
ammoniacal nitrogen concentration can cause different effects in the anaerobic digestion 
process as described in Rajagopal et al.[25] The values determined throughout the process 
were always in a range without an antagonistic effect,[26] with a mean concentration of 
515 ± 72 mg/L at the end of the experimental procedure for both reactor volumes. 
Moreover, the soluble phosphorus remained higher than the thresholds for a correct 
anaerobic digestion process,[27,28] with a virtually constant value of 45 ± 10 mg/L.  
Table 2. Variation of C2-C6 and total VFA concentration against the organic load added to the 3.5-L reactors. 














1.17 187 ± 4 < D.L. 63 ± 2 1 ± 2 < D.L. 250 ± 4 
1.47 196 ± 3 < D.L. 79 ± 2 1 ± 2 11 ± 2 287 ± 3 
1.76 251 ± 3 < D.L. 43 ± 2 26 ± 3 9 ± 2 329 ± 3 
2.06 110 ± 2 96 ± 2 56 ± 1 19 ± 2 4 ± 2 285 ± 2 
2.35 147 ± 2 < D.L. 21 ± 1 2 ± 1 2 ± 1 172 ± 2 
2.64 95 ± 2 33 ± 1 43 ± 2 3 ± 2 2 ± 1 176 ± 2 
2.94 55 ± 2 24 ± 1 65 ± 2 7 ± 2 13 ± 2 165 ± 2 
Note: D.L.; Detection Limit 
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3.2. Methane yield coefficient 
As shown in Figure 2, by fitting pairs of values of the maximum experimental 
volume of methane produced in each load (mLSTP/L)-VS to a straight line, the methane 
yield coefficient coincides with the slope of the regression line. The obtained methane 
yield coefficient was 176 LSTP CH4/kg VS (11.5 LSTP CH4/kg waste), with an r
2
 = 0.9138, 
which corresponds to a methane yield coefficient of 189 LSTP CH4/kg VS at ambient 
conditions in terms of temperature and atmospheric pressure at the date of measurements. 
The regression line was fitted to the data obtained from the 1.0 and 3.5-L reactors until an 
added load lower than 4.0 g VS/L. Nevertheless, the methane generation decreased at 
higher added loads, which could be a consequence of an inhibition process by substrate 
overloading. The obtained methane yield coefficient was higher than that described by Lee 
and Han,[29] who obtained a methane yield coefficient of 67 LSTP CH4/kg VS for the 
individual anaerobic digestion of sewage sludge under mesophilic conditions at lab scale. 
Siles et al.,[18] however, described a value of 230 LSTP CH4/kg VS in the biomethanization 
of strawberry extrudate under mesophilic conditions at lab scale. As can be seen, the 
methane yield coefficient for the anaerobic co-digestion of sewage sludge and strawberry 
extrudate obtained in this study is a more intermediate value than that described by other 
authors for the individual treatment of these wastes. This tendency has been reported by 
different authors in different anaerobic co-digestion processes.[30] On the other hand, the 
methane yield coefficient was maintained until an added load of 4.0 g VS/L in contrast to 
Siles et al.,[18] who described a decrease in the methane production at added loads higher 
than 1.5 g VS/L. Thus, the co-digestion with sewage sludge enhanced the stability of the 
reactor and the treatment capacity of the process with respect to the single anaerobic 
digestion of strawberry extrudate. 
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Figure 2. Variation of the generated methane (mLSTP CH4/L) with the added load to the reactors (g 
VS/L). 
3.3. Biodegradability 
VS added (mg VS/kg)



























Figure 3. Plot of the amount of substrate removed (mg VS/kg) against the substrate added (mg VS/kg) for all 
the experiments to obtain the biodegradability percentage. 
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Studying the removed organic matter percentage is as important as evaluating the 
methane yield coefficient in order to evaluate the biodegradability of the treated waste 
mixture. Biodegradability was defined as the relation between the VS added to the 
digesters and the VS removed after the exhausting gas production and organic matter 
degradation for each load. Figure 3 shows that the biomethanization of the waste mixture 
maintained a biodegradability value of 81%, in VS, at the different organic loads added to 
the reactors. The value obtained in the present research work is slightly lower than that 
obtained for the single anaerobic digestion of strawberry extrudate under mesophilic 
conditions, which reach biodegradability values of around 87–90 %, in VS.[18] This lower 
biodegradability is due to the addition of sewage sludge to the mixture. Several authors 
have described low biodegradability values for this waste in a wide range from 13 % to 55 
%, in VS, under mesophilic conditions due to its low level of easily degradable organic 
matter.[7,30] Nevertheless, the obtained biodegradability is very similar than the obtained 
by Serrano et al.[31] for the anaerobic co-digestion of strawberry extrudate and fish waste 
(in a proportion 80–20, wet weight basis), which reached a value of 87%. 
3.4. Kinetics 
In order to characterize each set of experiments kinetically, and thus demonstrate 
their reproducibility and representation, the first-order kinetic model described by Borja et 
al.[32] was used to fit the experimental methane production. Specifically, to evaluate the 
variations in the experimental data, theoretical values of maximum methane production 
(Gm) were calculated using Equation (4) and represented against their corresponding 
experimental values (GT) (Figure 4(a)). As can be seen, the pair values correctly fit a line 
(m = 1), with deviation bands of 10%, in the majority of cases (88%), thus suggesting that 
the proposed model can be used to accurately predict the behaviour of co-digestion 
processes. Figure 4(b) shows the values of the apparent kinetic constant (K’) against the 




load added to the 1.0 and 3.5-L reactors. The K’ values decreased with an increase in the 
waste mixture added to the digesters, indicating a slowdown phenomenon due to substrate 
overload. Specifically, the obtained values decreased from 0.55 to 0.07 1/h (around 86%). 
This effect has been described by other authors at increasing the organic load added to the 
reactors. For example, the K’ values decreased from 0.14 to 0.02 1/h (a decrease close to 
86%) by increasing the organic added load in a range from 0.5 to 2.6 g VS/L in the 
biomethanization of sewage sludge and orange peel waste in a proportion of 70:30, in wet 
weight, respectively, under mesophilic conditions.[12] The higher kinetics values obtained 
in the present research work could be explained by the high proportion of fruit waste in the 
mixture due to the difficulty of sewage sludge biodegradation.  
A)                                                                                    B) 
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Figure 4. (a) Comparison between the experimental maximum methane production (GT) values for each load 
and the theoretical values (Gm) predicted by Equation (4) and (b) variation of the apparent kinetic constant 
(K’) against the added substrate for all the experiments. 
3.5. Potential of digestate as fertilizer 
The use of the digestate as fertilizer or organic amendment in agriculture depends 
on its nutrient content (mainly carbon, nitrogen, phosphorus and potassium). Moreover, the 
heavy metal concentration was also determined since concentration limits have been 
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established in the legislation in order to avoid environmental risks and soil pollution due to 
heavy metal disposal. As shown in Table 3, the heavy metal content in the sewage sludge 
exceeded the maximum concentration of Cu, Cd and Ni allowed for organic amendment 
(Regulation (EC) 2003/2003),[33] so it is not possible to apply it in soils. Other authors, 
such as Tejada et al.,[10] have reported that the direct application of sewage sludge as 
fertilizer is not viable. These authors proposed generating biofertilizer from sewage sludge 
through enzymatic hydrolysis. In contrast to biomethanization, however, enzymatic 
hydrolysis is a process without energy recovery. The proposed anaerobic co-digestion 
process allowed obtaining a digestate with a heavy metal content in the range established 
for Class B compost, which is more interesting than the direct application of the wastes for 
agricultural purposes. In the present research, the addition of strawberry extrudate to 
sewage sludge allowed diluting the heavy metal concentration, but only allowed obtaining 
Class C compost (low quality) as established under European legislation. Hence, the 
organic matter is not stabilized and the C/N ratio does not meet the recommended 
standards for agricultural application. Moreover, the proposed biomethanization did not 
entail the bioaccumulation of heavy metals in the final digestate. The use of digestate as 
fertilizer depends on the COD, ammoniacal nitrogen and soluble phosphorus 
concentration, which reached values of 1740 g O2/kg, 13.6 g N/kg and 1.5 g P/kg, in dry 
weight, respectively, at the end of the experimental time. Other authors have described the 
use of the digestate generated in biomethanization as organic amendment due to its high, 
correctly balanced content in carbon, nitrogen and phosphorus, as well as an acceptable 
heavy metal concentration.[34] 
 
 




Table 3. Metals content in the employed substrate and the final digestate (mg/kg, on dry weight basis). 
(Regulation (EC) 2003/2003) 
 Cu Cd Cr Ni Pb Zn 
Before treatment       
Sewage sludge 474 ± 3 13 ± 2 123 ± 6 320 ± 9 < D.L. 834 ± 9 
Strawberry 
extrudate 
18 ± 10 < D.L. 54 ± 9 52 ± 9 22 ± 18 < D.L. 
Waste mixture 131 ± 2 2 ± 2 45 ± 1 114 ± 3 < D.L. 150 ± 2 
Post treatment       
Final digestate 101 ± 1 2 ± 1 85 ± 1 86 ± 1 < D.L. 222 ± 1 
Compost Classification      
Class A 70 0.7 70 25 45 200 
Class B 300 2 250 90 150 500 
Class C 400 3 300 150 200 1000 
Source: [33]. 
Note: D.L., detection limit. 
 
In conclusion: 
• The anaerobic co-digestion of sewage sludge and residual strawberry extrudate was 
stable, reaching a methane production yield of 176 mLSTP/g VS and a biodegradability of 
81% (VS). 
• Stability was well maintained by the buffering capacity provided by the sewage sludge, 
while the strawberry extrudate allowed diluting the nitrogen inhibition from the sewage 
sludge. 
• A decrease in the kinetics parameters was observed at the highest loads, which could be a 
consequence of a slowing down phenomenon due to substrate overload. 
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• The generated digestate could be employed as a quality organic amendment. The 
proposed co-digestion allowed decreasing the heavy metal concentration from the sewage 
sludge to values below the limit established by European legislation. 
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4.7 Breve descripción del artículo ‘Improvement of the biomethanization of sewage 
sludge by thermal pre-treatment and co-digestion with strawberry extrudate’ 
 
 En este estudio se ha evaluado la mejora de la combinación de un pre-tratamiento 
térmico y la co-digestión de lodo de depuradora con extrusionado de fresa residual. El pre-
tratamiento se ha llevado a cabo en un autoclave a 120 ºC y 2 atm.  
En primer lugar se ha evaluado el efecto de distintos tiempos de pretratamiento 
sobre la solubilización de materia orgánica y, concretamente, la generación de ácidos en 
ambos residuos individualmente tratados. Los resultados han mostrado que la 
solubilización del extrusionado de fresa residual ha sido escasa, al contrario que lo 
observado en el lodo de depuradora. Se ha seleccionado el pre-tratamiento durante 15 
minutos como el más adecuado. 
A continuación se ha evaluado el efecto del pre-tratamiento en la producción de 
metano y la estabilidad del proceso de biometanización. Para ello se ha ensayado en 
paralelo la digestión anaerobia de los residuos con y sin pre-tratamiento, de manera que se 
corrobore si el aumento de la solubilización de materia orgánica ha conllevado una mayor 
producción de metano. Los resultados de mejora de producción de metano han sido 
consecuentes con los obtenidos en el estudio de solubilización. 
Finalmente, se ha evaluado de forma conjunta el efecto del pre-tratamiento térmico 
en el lodo y su co-digestión con extrusionado de fresa sin pre-tratar. Se ha observado un 
efecto sinérgico en la producción de metano respecto a la digestión individual de los 
residuos y respecto a la co-digestión de ambos residuos sin pre-tratamiento, llegándose a 
obtener un rendimiento de hasta 237 NmL/g sólidos volátiles.    
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Abstract 
The management of sewage sludge is an important issue in developed countries due 
to the highly polluting character of this waste. Biomethanization is a widely employed 
technology for this purpose, although it has several disadvantages such as low methane 
yield, poor biodegradability, and high sensitivity to nutrient imbalance. In this paper, a 
thermal pre-treatment (120ºC, 2 atm) is proposed to improve the biomethanization yield of 
sewage sludge and strawberry extrudate by solubilizing organic matter from the residual 
raw materials. Additionally, the co-digestion of sewage sludge with strawberry extrudate is 
evaluated as this combined treatment allows enhancing the nutrient balance and diluting 
inhibitors from sewage sludge. Therefore, the main aim of this study is the joint evaluation 
of the pre-treatment and co-digestion of this waste, which has never been described before 
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in literature. The individual thermal pre-treatment of sewage sludge for 15 min was found 
to increase the soluble carbon concentration (mainly as volatile fatty acids), nitrogen, and 
phosphorus by 165%, 16%, and 24%, respectively. In contrast, the variation in the 
concentration of soluble carbon, nitrogen, and phosphorus for strawberry extrudate was as 
low as 10%, 32%, and 43%, respectively. Subsequent individual biomethanization tests 
showed a positive relationship between substrate solubilization and methane yield 
enhancement, with an increase of around 29% and 16% for sewage sludge and strawberry 
extrudate, respectively. Moreover, the co-digestion of sewage sludge and strawberry 
extrudate, both without pre-treatment, enhanced the stability and diluted the nitrogen 
concentration inside the digesters, although the methane yield was slightly lower than 
expected. In contrast, the most suitable combination was found to be the co-digestion of 
pre-treated sewage sludge and raw strawberry extrudate as it was also stable, but showed a 
synergy in methane production (237 ± 29 mLSTP/g VS; STP: 0ºC, 1 atm). This combined 
treatment might be considered an interesting alternative for the combined treatment of both 
polluting wastes. 
Keywords: Sewage sludge; strawberry extrudate; thermal pre-treatment; solubilization; 
mesophilic biomethanization; methane yield. 
 
Nomenclature  
Alk  alkalinity (mg CaCO3/ L) 
C2  acetic acid (mg C2/kg) 
COD  total chemical oxygen demand (g O2/kg) 
D.L.  detection limit 
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FS  total fixed solids (mg/kg) 
GAL  glucose, sodium acetate and lactic acid solution 
N-TN  total nitrogen (mg/L; mg/kg)  
P-Ptotal  total phosphorus (mg/kg) 
Psoluble  soluble phosphorus (mg/kg) 
STP  standard temperature and pressure conditions (0ºC, 1 atm) 
sCOD  soluble chemical oxygen demand (g O2/kg) 
TNsoluble soluble total nitrogen (mg/kg; mg/L) 
TOC  total soluble organic carbon (mg/kg) 
TS  total solids (g/kg) 
VA  volatile acids (C2-C6) (mg C2/L) 
VS  total volatile solids (g/L; mg/kg; g/kg) 
YCH4/S  methane yield coefficient (mL CH4/g VS)  
WWTP wastewater treatment plant  
 
1. Introduction 
Vast amounts of sewage sludge are produced in wastewater treatment plants 
(WWTP) worldwide. The management of these wastes is an expensive and 
environmentally sensitive problem. The cost of treating sewage sludge can account for 
around 50% of the total operating costs in a WWTP. Moreover, there are several problems 
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associated with the management of this waste, such as the presence of heavy metals, 
organic micropollutants, and pathogens, which require the hygienization of the sewage 
sludge (Hendrickx, 2009). According to the European Union list of wastes laid down in 
Commission Decision 2000/532/CE, sewage sludge is a hazardous waste. Due to the 
environmental impacts of sewage sludge, such as odorous emissions or the generation of 
polluting leachate, landfill disposal is not a sustainable management solution. For this 
reason, the European Union has set the target to reduce final waste disposal by 35% in 
2016 (compared to 2000) in all Member States (Lundin et al., 2004). 
Among the currently available management methods, anaerobic digestion is a 
highly efficient process which allows the recovery of energy as biogas for electricity and 
on-site heating due to the high heating value of methane (Appels et al., 2008). Moreover, 
this method is one of the options set out in the Working Document on Sludge and Biowaste 
(2010), which is a proposal to revise Directive 86/278/EEC on the agricultural use of 
sewage sludge and sewage sludge management and whose application will be extended in 
coming years. Nevertheless, the anaerobic digestion of sewage sludge has several 
drawbacks, such as low methane production, poor biodegradability, and the presence of 
high concentrations of inhibitory compounds such as ammoniacal nitrogen (Bolzonella et 
al., 2005). It is therefore necessary to improve the biomethanization of this waste in order 
to ensure its viability and efficiency. The use of pre-treatments in sewage sludge 
management has been widely reported in the literature,  including physical, biochemical, 
acidic or alkaline, heat-shock, freezing and thawing processes (Carrère et al., 2010; Cesaro 
and Belgiorno, 2014). Among the available options, thermal pre-treatments have been 
proposed by several authors to enhance the biomethanization of sewage sludge (Wang et 
al., 2010; Liu et al., 2012). Thermal pre-treatment allows the solubilization of the organic 
matter and facilitates the hydrolysis phase, which is the rate-limiting step when degrading 
                                                                                               Resultados y discusión/Results and discussion 
237 
 
solid organic waste with a high content of complex compounds (Ortega et al., 2008; 
Gabriel et al., 2011). However, the operational variables of the pre-treatments must be 
optimized to ensure the efficient use of energy. In this regard, the solubilization of organic 
matter (variation of the ratio between soluble and total organic matter concentration) has 
been used as an indicator of the process efficacy (Kim et al., 2003; Cesaro et al., 2014). 
Nevertheless, as the pre-treatments entail energy consumption and, occasionally, a 
decrease in the stability of the subsequent biomethanization process at increasing the 
acidity excessively, some authors have proposed the addition of a readily available co-
substrate in order to enhance the methane yield coefficient, dilute the inhibitory 
compounds contained in the substrates, and compensate the excessive nitrogen 
concentration in sewage sludge (Chen et al., 2008). For this reason, strawberry extrudate 
might be an interesting co-substrate given its high C/N ratio and low heavy metal content. 
Strawberry extrudate is produced during the processing of strawberries to make 
marmalade, yogurt and flavorings, which employed about 21% (close to 1 million tons) of 
strawberry crops around the world in 2012 (FAOSTAT, 2014). Most of these products are 
obtained from mashed strawberries which are pressed to extract the desired compounds 
(flavors). The remaining waste extrudate is transformed into around 7% of the 
manufactured strawberry weight and must be managed adequately (Pollard et al., 2006). 
Previous research into the anaerobic co-digestion of sewage sludge and strawberry 
extrudate has shown this technique to be effective in avoiding nitrogen inhibition in 
sewage sludge, although a positive synergy in methane generation was not observed. 
Despite this, studies on the anaerobic co-digestion of strawberry extrudate and fish waste 
have also shown an enhancement of the stability of the process, whereas the methane yield 
did not show positive synergy (Serrano et al., 2013 and 2014). Furthermore, the joint 
improvement of the anaerobic digestion of sewage sludge by thermal pre-treatment and co-
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digestion with another substrate has not been described previously in the literature. To the 
best of our knowledge, the studies of Wang et al. (2014) and Cano et al. (2014) are the 
only ones that have reported the combination of thermal pre-treatment and sewage sludge 
co-digestion with another substrate. However, these studies only focused on the effect 
observed on methane production and not on the effect of the pre-treatment on the 
solubilization of the substrate.  
The main objective of this work is to optimize the anaerobic digestion of sewage 
sludge through a thermal pre-treatment and/or its co-digestion with strawberry extrudate. 
The thermal pre-treatment was optimized to ensure the applicability of this study at 
industrial scale. The study could be considered of special interest for the centralized 
treatment of both polluting wastes, as well as to evaluate the viability of this treatment 
against other management methods such as landfill disposal. 
 
2. Materials and Methods 
The experiment was carried out in accordance with the materials and methods 
described in this section. Sigma-Plot software (version 11.0) was used to create graphs, 
perform the statistical analysis (mean value and standard deviation), and fit the 
experimental data to the trends presented in this work. 
2.1. Chemical analyses 
The variables determined in the solid fraction of sewage sludge and strawberry 
extrudate before and after the thermal pre-treatment were total chemical oxygen demand 
(COD, g O2/kg), total solids (TS, g/kg), total fixed solids (FS, g/kg), total volatile solids 
(VS, g/kg), total phosphorus (P-Ptotal, mg/kg), and total nitrogen (N-TN, mg/kg). All 
analyses were carried out in accordance with the test methods for the examination of 
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composting and compost developed by the US Department of Agriculture and the US 
Composting Council (Thompson et al., 2001). Additionally, soluble chemical oxygen 
demand (sCOD, g O2/kg), total soluble organic carbon (TOC; mg/kg), total soluble 
nitrogen (TNsoluble, mg/kg), soluble phosphorus (Psoluble; g/kg), and separate volatile fatty 
acids were determined after extraction with distilled water (Thompson et al., 2001). TOC 
and TNsoluble were determined using a Rosemount Analytical Dohrmann DC-190 carbon 
analyzer. The TOC analyzer was calibrated with a standard solution of potassium phthalate 
prior to the TOC analyses. Separate volatile fatty acids (acetic, propionic, butyric, 
isobutyric, valeric, isovaleric, and caproic acid) were also determined in both wastes. The 
determination was carried out using a Hewlett- Packard HP-5890 gas chromatograph 
equipped with a 15 m x 0.53 mm (i.d.) Nukol-silica semicapillary column and a flame 
ionization detector. The oven temperature was gradually increased from 100°C to 150°C at 
a rate of 4°C/min. Helium (28.6 kPa), nitrogen (28.6 kPa), hydrogen (14.3 kPa), and air 
(28.6 kPa) were used as carrier gas at a flow rate of 50 mL/min. 
Additionally, the following variables were determined in the effluents of the 
anaerobic reactors: pH, volatile fatty acids (VA, mg C2/L), alkalinity (Alk, mg CaCO3/L), 
and TNsoluble (mg/L). The pH was measured using a Crison 2001 digital pH meter. All 





The raw materials used as substrate were sewage sludge and strawberry extrudate. 
The sewage sludge was collected from an urban wastewater treatment plant equipped with 
an aeration tank located in the province of Cordoba (Spain). The wastewater treatment 
plant generates sewage sludge at a flow rate of 68.44 tons per year, on dry basis. The 
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sewage sludge was composed of primary and secondary sludge. The sludge was 
dehydrated in the plant by centrifugation after the addition of coagulant and flocculant. 
This waste presents a nutrient balance with a notable deficit in carbon compared to 
nitrogen and phosphorus (29:2:1).  
The strawberry extrudate was supplied by the Hudisa Company (Huelva, Spain). 
The strawberry waste was mainly composed of residual strawberry extrudate obtained after 
the squeezing of strawberry mush. The residual extrudate was composed of the retained 
fibrous part, while the fleshy part (pulp) was used for various manufacturing processes in 
dairy or beverage industries. The achenes were removed from the strawberry extrudate by 
sieving during the industrial procedure. These achenes present a high content in lignin 
which hinders the biomethanization process (Siles et al., 2013). The strawberry extrudate 
had a COD:N:P ratio of 277:3:1. The main analytical characteristics of the sewage sludge 
and strawberry extrudate are shown in Table 1.  
The sewage sludge and strawberry extrudate were mixed at a ratio of 40:60 (wet 
weight), respectively, which allowed improving the COD:N:P balance to a value of 85:2:1. 
This value is within the optimal ratios, which have been reported to be in the wide range 
from 50:4:1 (Thaveesri, 1995) to 350:5:1 (Brunetti el al., 1983). The mixture also 
improved the C/N ratio compared to the individual wastes. Moreover, the proposed 
mixture permits the joint treatment of both hazardous and polluting wastes in a centralized 
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Table 1. Analytical characterization of the sewage sludge and strawberry waste extrudate (wet weight basis) 
 Sewage sludge 
Strawberry 
extrudate 
pH 7.72 ± 0.06 3.88 ± 0.14 
Alkalinity (mg CaCO3/kg) 15,725 ± 195 - 
Moisture (%) 86.2 82.7 
COD (g O2/kg) 128 ± 8 299 ± 6 
sCOD (g O2/kg) 12 ± 1 51 ± 1 
TS (g/kg) 138 ± 1 173 ± 3 
FS (g/kg) 42 ± 1 8 ± 1 
VS (g/kg) 96 ± 2 165 ± 2 
N-TN (mg /kg) 8335 ± 95 2760 ± 65 
TNsoluble (mg/kg) 3140 ± 150 132 ± 20 
P-Ptotal (mg /kg) 4400 ± 270 1078 ± 145 
Psoluble (mg /kg) 1200 ± 30 650 ± 20 
C/N 15 108 
COD:N:P 29:2:1 277:3:1 
 
2.3. Experimental set-up 
The thermal system used to pre-treat the sewage sludge and strawberry extrudate 
consisted of a 75-L volume autoclave (Selecta P. Autester Mod. 437-G) working at 120°C 
and 2 atm. The autoclave was equipped with a time programming system that allowed the 
pre-treatment time to be controlled. The pre-treatment times were fixed at 0, 15, 30, 45 and 
60 min for both wastes. An additional 5 min time was fixed for the sewage sludge. Three 
aliquots of 100 g of waste were inserted in closed, 0.25-L volume NORMAX bottles and 
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placed in the autoclave for each experimental time. Once the pre-treatment was carried out, 
the samples were cooled at room temperature before analyzing to avoid the loss of volatile 
compounds. Each sample was also analyzed in triplicate. 
On the other hand, the experimental set-up used for the anaerobic co-digestion 
consisted of six 1.0-L working volume Pyrex completely mixed reactors operating in 
parallel under mesophilic temperature (35ºC) and in batch mode. The reactors were 
equipped with four connections to load feedstock, ventilate biogas, and inject inert gas 
(nitrogen) in order to maintain the anaerobic conditions and remove effluent. The content 
of the reactors was mechanically stirred and the required temperature was maintained by a 
thermostatic jacket containing water at 37
o
C. The volume of methane produced during the 
process was measured using 1.0-L Boyle-Mariotte reservoirs connected to each reactor. To 
remove the CO2 produced during the process, tightly closed bubblers containing a NaOH 
solution (6 N) were connected between the two elements. The volume of methane 
displaced an equal measurable volume of water from the reservoirs. This volume was 
corrected in order to remove the effect of water steam pressure and the measured methane 
was then expressed at standard temperature and pressure conditions (STP: 0ºC and 1 atm).   
The reactors were inoculated with granular biomass, which was obtained from a 
full-scale anaerobic reactor used to treat brewery wastewater from the Mahou-San Miguel 
factory (Alovera, Spain) (pH= 7.22 ± 0.02; VS= 19,435 ± 250, 81% of the TS) and sludge 
from a full-scale anaerobic reactor used to treat urban wastewater in Seville (Spain) 
(pH:7.50 ± 0.05; VS: 5125 ± 50 mg/kg, 71% of the TS) with high hydrolytic activity, at a 
proportion of 43:57 (in VS), respectively. The methane production rate of the combined 
inoculum was observed to be 120 mLSTP CH4/(g VS·h). 
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2.4 Anaerobic Digesters. Experimental Procedure 
The anaerobic reactors were initially loaded with 3 g VS of granular sludge and 4 g 
VS of sludge with high hydrolytic activity as inoculum. In order to bio-stimulate the 
biomass prior to the experiments, the reactors were first fed with a synthetic solution 
composed of glucose, sodium acetate, and lactic acid (GAL) at concentrations of 50 g/L, 
25 g/L, and 25.2 g/L, respectively. During this initial period, the organic load added to the 
reactors was gradually increased from 0.25 to 0.5 g VS/L.  
Biomass acclimatization was then carried out. The reactors were fed with joint 
loads of GAL and waste of 1.00 g VS/L in which the percentage of waste was increased 
from 25% to 100% after three loads. During this acclimatization period, the volume of 
methane was measured as a function of time. The start-up and acclimatization period was 
45 days.  
During each set of subsequent experiments with the sewage sludge and strawberry 
extrudate, the organic load added to the reactors was 1.0 g VS/L. The loads with each 
waste and the mixture of wastes were replicated at least eight times with and without pre-
treatment. In all cases, the total methane volume was measured and samples were taken 
and analyzed before and after feeding. The solid fraction of digestate (which included 
microorganisms and non-biodegraded substrate) was recovered from the samples and 
recirculated into the digesters after centrifugation at 2,000 rpm. The maximum duration of 
each assay in this stage was 24 hours, which corresponds to experiments with sewage 
sludge. All the experiments, including the start-up, biomass acclimatization, and waste 
treatment, were carried out over a 70-day period. 
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3. Results and discussion 
The experimental results obtained across the process allowed the performance of 
the proposed pre-treatment and co-digestion to improve sewage sludge biomethanization to 
be evaluated. Organic matter solubilization, volatile fatty acids generation, and nutrients 
solubilization were selected to evaluate the effect of the pre-treatment in the waste. 
Moreover, their effects on biomethanization were also evaluated. 
3.1 Solubilization of organic matter 
The effect of pre-treatment on the solubilization of the organic matter contained in 
the sewage sludge and strawberry extrudate was evaluated through the variation in the 
concentration of COD, sCOD and TOC. The values obtained for these variables after each 
pre-treatment time is summarized in Table 2. As can be seen, the values of COD remain 
virtually constant with a mean value of 120 ± 5 g O2/kg and 290 ± 7 g O2/kg for the 
sewage sludge and strawberry extrudate, respectively. Therefore, it is possible to conclude 
that no loss of volatile compounds or water occurred for the different pre-treatment times 
for either waste. In contrast, Tampio et al. (2014) reported an approximately 15% decrease 
in TS and VS in the autoclaved pre-treatment of food waste as a result of steam 
condensation. This was due to the fact that these authors treated the substrate in open 
bottles during the experimental set-up. Moreover, the same authors reported an undesirable 
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Table 2. Variation of COD, sCOD and TOC against the thermal pre-treatment time for sewage sludge and 
strawberry extrudate 
















0 128 ± 7 12 ± 1 5 ± 1 298 ± 6 51 ± 1 22 ± 1 
5 117 ± 7 29 ± 2 9 ± 1 - -  
15 118 ± 3 33 ± 5 14 ± 1 285 ± 2 52 ± 2 22 ± 1 
30 117± 2 34 ± 2 13 ± 1 290 ± 3 55 ± 4 22 ± 1 
45 125 ± 4 32 ± 1 16 ± 1 281 ± 6 55 ± 4 22 ± 1 
60 116 ± 5 32 ± 3 13 ± 1 294 ± 5 57 ± 3 23 ± 1 
 
Solubilization was monitored through the variation in the ratio between sCOD and 
COD, in %. Since the COD remained virtually constant for the different pre-treatment 
times, the variation in the solubilization ratio was directly related to the variation in the 
sCOD. A graphical representation of the values obtained at the different pre-treatment 
times is shown in Figure 1. As can be seen, the thermal pre-treatment was more effective 
for the sewage sludge. In this case, the sCOD/COD ratio increased markedly before the 5 
min pre-treatment. The sCOD/COD ratio for sewage sludge showed little variation at times 
higher than 15 min, reaching a mean value of 27 ± 1% (around 3 times higher than the 
initial sCOD/COD ratio). This enhancement is similar to the values described by Kim et al. 
(2003) for waste activated sludge after a thermal pre-treatment at 121ºC during 30 min, 
who reported an approximately twofold increase in the sCOD/COD ratio. In contrast, the 
solubilization observed for the strawberry extrudate was significantly lower. The ratio only 
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increased within the short range from 17% to 20%. The increase in soluble compounds 
indicates that the organic particulates in the waste were liquidized to soluble 
carbohydrates, lipids and proteins or converted into lower molecular weight compounds by 
thermal pre-treatment (Li and Noike, 1992; Kim et al., 2003). 
Time (min)



















Figure 1. Variation in sCOD/COD ratio with thermal pre-treatment time for sewage sludge and strawberry 
extrudate. 
The soluble organic matter was also determined through the sCOD and TOC. As 
shown in Figure 2, there is a linear relationship between both variables. Specifically, more 
than 90% of the value pairs fitted correctly to a line with a slope of 0.4210, with an r
2
 = 
0.9563 at a 95% confidence interval. Therefore, the solubilization of organic carbon was 
directly related with the solubilization of the total organic matter. The solubilization of 
organic matter, which implies higher availability of easily biodegradable compounds, 
might lead to the enhancement of the methane potential of the waste (Zhang et al., 2010). 
 
 



























Figure 2.  Relationship between the concentration of TOC and sCOD during the thermal pre-treatment of 
sewage sludge and strawberry extrudate. 
3.2 Volatile fatty acids 
The methane yield, which is one of the most important variables to be determined 
in biomethanization processes, is directly related to the presence of VA (in particular 
acetate) in the reactor content (Tiehm et al., 1997). The concentration of short chain 
organic acids (C2-C6) was therefore determined in the samples for the different pre-
treatment times to ensure that this preceding step increased the availability of readily 
digestible compounds under anaerobic conditions. The C2-C6 and total VA values obtained 
for each thermal pre-treatment time are described in Table 3. The total VA concentration 
of the sewage sludge increased markedly with the pre-treatment time, reaching a mean 
value of 123 ± 11 mg C2/kg at times longer than 15 min. This variation is mainly due to the 
enhancement of the acetic acid concentration, which increased by around 196% (from 24 
to 71 mg C2/kg). In addition, the increase in total VA was moderate for the strawberry 
extrudate in comparison to the sewage sludge. The total VA increased by around 20% from 
264 mg C2/kg (0 min) to 316 mg C2/kg (45 min). As with the sewage sludge, the variation 
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in the VA concentration is mainly due to the enhancement of the acetic acid concentration, 
which increased by around 24%. The difference in the variation percentages for both 
wastes is in line with the results described for organic matter solubilization, as the 
solubilization was more effective for the sewage sludge.  
Table 3. Variation of C2-C6 and total VA (mg C2/kg) concentration against the thermal pre-treatment time 
(min) for sewage sludge and strawberry extrudate (D.L.: Detection limit) 
 Sewage sludge 
Pre-treatment 
time 
C2 C3 C4  C5 C6 Total VA  
0 24 ± 1 11 ± 3 10 ± 1 4 ± 1 < D.L. 49 ± 3 
5 45 ± 4 20 ± 1 16 ± 2 5 ± 1 < D.L. 86 ± 6 
15 61 ± 8 31 ± 3 24 ± 1 11 ± 1 < D.L. 127 ± 2 
30 58 ± 11 25 ± 1 20 ± 1 10 ± 1 < D.L. 113 ± 13 
45 71 ± 7 30 ± 1 23 ± 1 12 ± 1 < D.L. 137 ± 11 
60 59 ± 2 23 ± 1 20 ± 1 10 ± 1 1 ± 1 113 ± 6 
 Strawberry extrudate 
Pre-treatment 
time 
C2 C3 C4  C5 C6 Total VA  
0 210 ± 9 11 ± 1 36 ± 1 7 ± 1 < D.L. 264 ± 11 
15 245 ± 32 12 ± 1 40 ± 2 7 ± 1 < D.L. 299 ± 27 
30 234 ± 17 12 ± 1 46 ± 1 7 ± 1 < D.L. 299 ± 27 
45 255 ± 18 13 ± 1 39 ± 1 9 ± 1 < D.L. 316 ± 22 
60 260 ± 22 10 ± 1 36 ± 1 9 ± 1 < D.L. 315 ± 30 
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Figure 3. Variation in VA/TOC ratio and VA/COD ratio with thermal pre-treatment time for sewage sludge 
and strawberry extrudate. 
Figure 3 shows the variation in the VA/COD (in %, expressed as COD) and 
VA/TOC (in %, expressed as C) ratios with the pre-treatment time. As can be seen, the 
VA/COD ratio increased with time for both wastes, although the variation was higher for 
sewage sludge. Specifically, the VA/COD ratio varied in a range from 0.2 to 0.6% for 
sewage sludge, while this ratio remained virtually constant for the strawberry extrudate 
with a variation in the range of 0.5% to 0.6%. It should be noted that the highest values of 
this ratio were similar for both wastes. An increase in the VA/COD ratio entails the 
availability of more easily digestible compounds for the microorganism in the subsequent 
anaerobic digestion process and enhances the hydrolysis phase, which is the rate-limiting 
step in the biomethanization of solid waste (Ortega et al., 2008). Moreover, the variation in 
the VA/TOC ratio was monitored to determine if the solubilization of the compounds in 
each waste was mainly due to the formation of short chain acids or other carbon 
compounds, or both. As can also be seen in Figure 3, the thermal pre-treatment increased 
the VA/TOC ratio for strawberry extrudate, thus indicating that VA were the main 
solubilized compound during the pre-treatment. Nevertheless, the VA/TOC ratio decreased 
A. Serrano et al. / Journal of Cleaner Production. Accepted article. In press                                            
250 
 
when the sewage sludge pre-treatment time was increased. Therefore, although the VA 
concentration increased with the thermal pre-treatment, the solubilization of other carbon 
compounds predominated for sewage sludge.  
In addition to the increase in the VA concentration, it is important to evaluate the 
acid generation rate in order to optimize the pre-treatment time and avoid unnecessary 
costs. Figure 4 shows the evolution of the acid generation rate (expressed as mg 
C2/(kg·min)) against the thermal pre-treatment time. As can be seen, sewage sludge 
showed the highest values for the acid generation rate, which varied from 13 to 1 mg 
C2/(kg·min) after 15 min. At longer times, the acid generation rate decreased at values 
close to 0 mg C2/(kg·min), thus suggesting that times longer than 15 min are not necessary. 
Likewise, the acid generation rate trend for strawberry extrudate was similar to the results 
obtained for sewage sludge, but with markedly lower values. As can also be seen in Figure 
4, the initial acid generation rate was 4 mg C2/(kg·min), but decreased with the pre-
treatment time so that after 15 min, its value was around 70% lower. 
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Figure 4. Variation in acid generation rate against thermal pre-treatment time for sewage sludge and 
strawberry extrudate. 
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Therefore, according to the increase in the solubilization ratio, the rise in the VA 
concentration, and the variation in the acid generation rate, the optimal thermal pre-
treatment time was fixed at 15 min for sewage sludge. Nevertheless, due to the low 
solubilization percentages and the formation of acid, the pre-treatment was determined to 
be inadvisable for strawberry extrudate.  
3.3 Solubilization of nutrients 
After verifying the increase in the availability of carbon compounds by the thermal 
pre-treatment, it was necessary to evaluate the simultaneous solubilization of nitrogen and 
phosphorus in the waste. The availability of these nutrients and their proportion with 
respect to the carbon are essential for the correct course of the biomethanization process 
(Thaveesri, 1995; Brunetti et al., 1983). As was described for the total organic matter, the 
total concentrations of nitrogen and phosphorus in the substrates did not show significant 
differences with the pre-treatment time. Specifically, the mean values of N-TN and P-Ptotal 
for sewage sludge were 8400 ± 170 mg/kg and 4245 ± 180 mg/kg, respectively. Low C/N 
and C/P ratios in sewage sludge have been reported by several authors and justify the 
suitability of the co-digestion of sewage sludge with other organic wastes (Hidaka et al., 
2013; Dai et al., 2013).  
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Figure 5.  Relationship between the concentration of TNsoluble and TOC values and relationship between the 
concentration of Psoluble and TOC for sewage sludge. 
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Figure 5 shows the relationship between TNsoluble and Psoluble against the TOC for 
sewage sludge, whose solubilization was significant. As can be seen, the pairs of data fit 
correctly to a straight line, thus confirming that the thermal pre-treatment solubilized the 
substrate as a whole. Specifically, the concentration of TNsoluble was found to account for 
around 5.6% of the TOC values throughout the process (r
2
 = 0.8979), while Psoluble was 
around 3.0% of TOC concentration (r
2
 = 0.9655). The percentage of variation of the 
Tsoluble/N-NT and Psoluble/P-Ptotal ratios for both wastes are shown in Figure 6A and Figure 
6B, respectively. The percentage of variation of NTsoluble/N-NT ratio was found to be 
significantly higher for strawberry extrude due to the fact that the values of the NTsoluble/N-
NT ratio are lower for strawberry waste than for sewage sludge, with a variation ranging 
from 4.78% to 7.15%. Moreover, the NTsoluble concentrations determined for strawberry 
extrudate range only from 132 to 170 mg/kg. On the other hand, although the variation 
percentage of the NTsoluble/N-NT ratio was more moderate for sewage sludge, the total 
increase in the concentration of NTsoluble was higher for this substrate (from 3140 to 3630 
mg/kg). The enhancement of the concentration of NTsoluble could be explained by the fact 
that the thermal pre-treatment increases the soluble protein concentration (Park et al., 
2014). The marked difference in nitrogen concentration observed in sewage sludge and 
strawberry waste indicates that co-digestion might be a viable option to dilute the 
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Figure 6. Variation in TNsoluble/N-TN ratio) (A) and variation in Psoluble/P-Ptotal ratio (B) for sewage sludge 
and strawberry extrudate. 
The variation percentage of the Psoluble/P-Ptotal ratio was similar for the sewage 
sludge and strawberry extrudate (32% and 36%, respectively). The concentration of Psoluble 
in sewage sludge was found to vary from 1200 to 1520 mg/kg with the pre-treatment time, 
whereas the values were lower for strawberry extrudate (from 650 to 930 mg/kg). These 
concentrations of soluble phosphorus are markedly higher than those required for the 
correct course of the biomethanization process reported in literature (from 5 to 8 mg P-
PO4/L) (Alphenaar et al., 1993; Britz et al., 1988).  
3.4 Anaerobic digestion test 
The effect of the solubilization of the organic matter and the increase in the VA 
through thermal pre-treatment was first evaluated in the single biomethanization of the 
waste. Subsequently, the joint effect of the thermal pre-treatment and the co-digestion of 
both waste was evaluated. 
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3.4.1. Single biomethanization of sewage sludge and strawberry extrudate 
The final objective of carrying out a pre-treatment is to improve the 
biomethanization yield of the waste, particularly methane production. Therefore, the 
methane yield production, as well as the stability of the process and nitrogen concentration, 
were monitored in the digesters, which were loaded with the wastes with and without 
thermal pre-treatment. The thermal pre-treatment was applied for 15 min to each waste as 
this was determined to be the optimal time according to the solubilization and acid 
generation data.  
Table 4.  Mean values and standard deviation of pH, volatile/alkalinity ratio (VA/Alk), TNsoluble and methane 
yield coefficient (Y CH4/S) determined for the different anaerobic digestion assays 




mg/L mLSTP/g VS 
Variation 
(%) 
Sewage sludge 7.91 ± 0.03 0.07 ± 0.02 1006 ± 40 88 ± 14 
29 Pre-treated 
sewage sludge 
7.78 ± 0.11 0.06 ± 0.02 1008 ± 23 123 ± 11 
Strawberry 7.57 ± 0.13 0.07 ± 0.02 775 ± 19 285 ± 11 
16 Pre-treated 
strawberry 
7.60 ± 0.17 0.08 ± 0.03 785 ± 97 339 ± 17 
Mixture 7.59 ± 0.13 0.07 ± 0.01 779 ± 169 180 ± 9 
24 Pre-treated 
mixture 
7.48 ± 0.09 0.07 ± 0.02 695 ± 185 237 ± 29 
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The main data obtained from the anaerobic digestion tests are summarized in Table 
4. In all cases, stability was maintained during the assays, with pH values within the range 
described as optimal for methanogenic activity (7.3-7.8) (Wheatley, 1990). Nevertheless, 
the digesters loaded with sewage sludge without pre-treatment showed a slightly higher 
value than the recommended limit due to the high alkalinity content of the waste. The 
thermal pre-treatment allowed decreasing the pH until optimal values due to the increase in 
VA in the pre-treated waste and the improvement of the hydrolysis phase. 
The VA/Alk ratio is another variable commonly used to monitor digester stability, 
and must be lower than 0.30 to ensure the correct working of the process (Balaguer et al., 
1992). The VA/Alk ratio values obtained were lower than 0.08 for each waste. Therefore, 
the increase in the VA concentration with the thermal pre-treatment did not entail the 
acidification of the digesters. This indicates that the hydrolytic phase rather than the 
methanogenic phase might be the limiting step in the methane production rate in the 
anaerobic digestion of organic solid waste (Ortega et al., 2008).   
It is particularly important to monitor nitrogen concentration in the anaerobic 
digestion of sewage sludge as nitrogenous compounds are considered one of the principal 
inhibitors contained in this hazardous waste (Borowski et al., 2014). As shown in Table 4, 
the pre-treatment of the waste did not increase the NTsoluble concentration in the digesters, 
although the concentration increased in the waste with pre-treatment. Furthermore, the 
mean concentration of NTsoluble was noticeably lower than the inhibitory limit, which has 
been reported in the literature to vary within the wide range from 1.7 to 14 g/L (Bujoczek 
et al., 2000; Chen et al., 2008).  
Additionally, the methane yield coefficient (mLSTP/g VS) was determined for the 
different wastes loaded into the digesters. The values obtained for sewage sludge and 
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strawberry extrudate without thermal pre-treatment were 88 and 285 mLSTP/g VS, 
respectively. These values were similar to those described in the literature under similar 
conditions. For instance, Lee and Han (2013) reported a methane yield coefficient of 67 
mLSTP/g VS for sewage sludge under mesophilic conditions, while Siles et al. (2013) 
reported a value of 230 mLSTP/g VS for the biomethanization of strawberry extrudate under 
similar operational conditions. Nevertheless, the thermal pre-treatment allowed increasing 
the individual methane yield from sewage sludge and strawberry extrudate to 123 and 339 
mLSTP/g VS, respectively (around 29% and 16%). As can be seen, the highest relative 
enhancement determined in the sewage sludge is in line with the highest solubilization by 
thermal pre-treatment. This increase was similar to the values described by Liu et al. 
(2012), who reported an approximately 35%  increase in the methane yield coefficient for 
sewage sludge through a biomethane potential test after carrying out a thermal pre-
treatment at 175ºC for 60 min. 
3.4.2. Anaerobic co-digestion of sewage sludge and strawberry extrudate 
The co-digestion process was studied with and without the thermal pre-treatment of 
the sewage sludge as the solubilization of strawberry extrudate was limited. As can be seen 
in Table 4, the co-digestion process improved the stability of the digesters, obtaining mean 
values of pH within the optimal range. Therefore, the addition of strawberry extrudate to 
the sewage sludge compensated the excessive alkaline without producing an acidification 
process, as can be concluded from the low VA/Alk ratio. Moreover, the co-digestion with 
strawberry extrudate diluted the NTsoluble concentration in the digesters by around 25% 
compared to the digesters loaded only with sewage sludge. The dilution of inhibitory 
compounds is one of the main benefits associated to the co-digestion process (Chen et al., 
2008). 
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The methane yield coefficient value obtained for the mixture without pre-treatment 
was slightly lower than the theoretical value which could be expected according to the 
methane yield coefficients determined for the single biomethanization of each waste. 
Specifically, a value of 180 mLSTP/g VS rather than 206 mLSTP/g VS was obtained, which 
is the expected methane yield coefficient (15% lower). This might have been due to the 
difficulty in hydrolyzing the raw sewage sludge, and the ease in degrading the strawberry 
extrudate. Nevertheless, the methane yield coefficient obtained for the mixture with pre-
treated sewage sludge was higher than the expected value for the individual 
biomethanization of the wastes. In fact, the theoretical value was 220 mLSTP/g VS against 
237 mLSTP/g VS (around 8% higher). Moreover, this value is higher than that obtained by 
Serrano et al. (2014), who reported a methane yield coefficient of 176 mLSTP/g VS for the 
co-digestion of sewage sludge and strawberry extrudate without pre-treatment in the same 
proportion and under mesophilic conditions. Therefore, the combination of a pre-treatment 
and co-digestion effectively enhanced methane production during the sewage sludge 
biomethanization. Furthermore, the stability of the process was improved and the 
inhibitory effec of high concentration of ammoniacal nitrogen in the digesters was 
effectively avoided.  
The full-scale implementation of the proposed thermal pre-treatment depends 
largely on its economic viability. In this regard, the increase in the methane yield 
coefficient should compensate the energy requirements of the thermal pre-treatment. In the 
present research work, the input energy (Ein, J/g VS) was calculated by the following 
expression, which was previously reported by Cho et al. (2013): 
                      (1) 
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where Pd, t, Cs and Vd are the power consumption of the pre-treatment system (J/s), pre-
treatment duration time (s), volatile solid concentration of the sewage sludge (g VS/L), and 
effective volume (L), respectively. 
Moreover, the output energy (Eout, J/g VS) was calculated by the following 
expression: 
                             (2) 
where LCP is the lower calorific power of the methane (35,793 J/L) (Wheatley, 1990) and 
ΔYCH4/S is the difference in the methane yield coefficient with and without pre-treatment.  
The difference between the input and output energy was defined as the net energy 
production. According to the experimental set-up used and the values obtained for the 
mixture with pre-treated sewage sludge and strawberry extrudate, the Ein and Eout were 77 
J/g VS and 2040 J/g VS, respectively. Therefore, the net energy production showed a 
positive value of 1963 J/g VS. These values are in the range described by Cho et al. (2013), 
who reported a positive net energy production of 6300 J/g VS for the anaerobic digestion 
of microalgae biomass after a thermal pre-treatment at 120ºC during 30 min. The highest 
net energy production could be explained by the highest input energy (8000 J/g VS) and/or 
the different substrate. Moreover, the improvement of the biomethanization would entail a 
reduction in the dimensions of the digesters, thus reducing the impact of high capital 
requirements (Tyagi et al., 2014). 
 
Conclusions 
The most relevant conclusions of this research work are described below. 
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 Thermal pre-treatment for 15 min was more effective for sewage sludge than 
strawberry extrudate, with an enhancement of the sCOD/COD ratio of 200% and 
13%, respectively.  
 The increase in VA was in accordance with the solubilization of organic matter. 
The highest increase in VA was observed for sewage sludge, although other soluble 
compounds appeared with the pre-treatment. Nevertheless, the acid generation rate 
decreased markedly after 15 min for both wastes.   
 Nutrient (nitrogen and phosphorus) and organic matter solubilization showed 
similar trends. Nutrient solubilization was also higher for sewage sludge. 
The combination of a thermal pre-treatment of sewage sludge and its co-digestion with 
strawberry extrudate showed a positive synergy in methane production and stability. 
Consequently, the combined treatment might be interesting for the centralized management 
of both wastes in a local area, with the consequent environmental benefit.  
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 Los resultados obtenidos en esta Tesis Doctoral ponen de manifiesto la importancia 
de gestionar adecuadamente los residuos agro-industriales, así como la necesidad de la 
búsqueda y mejora de técnicas, como la digestión anaerobia, para el reciclado y 
valorización de dichos residuos. La viabilidad del tratamiento de los residuos orgánicos 
agro-industriales evaluados (extrusionado de fresa, residuos de la manufactura de pescado 
y glicerol residual) mediante co-digestión anaerobia ha quedado demostrada, pudiendo 
formularse las siguientes conclusiones: 
1. La proporción de mezcla entre los distintos sustratos adicionados a los digestores en 
los procesos de co-digestión anaerobia estudiados determina la aparición de posibles 
efectos sinérgicos o antagónicos. De las proporciones de extrusionado de fresa y residuos 
de pescado estudiadas, las sinergias se han observado para la proporción 88:12, en peso 
húmedo, de fresa y pescado residuales respectivamente, donde se ha obtenido una mejor 
estabilidad, alcanzado cargas de hasta 2,5 g VS/L, así como el mayor rendimiento en 
metano, 205 NmL/g SV, se ha determinado para la proporción 94:6. No obstante, la 
proporción 97:3 ha mostrado un efecto antagónico, habiendo obtenido un rendimiento en 
metano muy inferior (58 NmL/g SV).  
2. De acuerdo a los resultados obtenidos, un sistema de tratamiento centralizado podría 
operar con proporciones de extrusionado de fresa residual y residuos de pescado en el 
rango comprendido entre 88:12 y 94:6, en peso húmedo, respectivamente. En dichas 
condiciones el sistema podría absorber las variaciones en el flujo de generación de los 
residuos generados en una misma zona.  
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3. Se ha determinado que añadir glicerol residual, sustrato fácilmente biodegradable 
que se genera en la misma zona geográfica, a la mezcla de residuos tratados en el presente 
estudio permite mejorar significativamente la producción de metano, llegándose a un 
rendimiento de 308 NmL/g SV.  
4. El balance económico para el tratamiento conjunto del glicerol residual, el 
extrusionado de fresa y los residuos de pescado muestra un ahorro neto en el rango de 25,5 
a 42,1 €/t de residuo tratado, respecto al coste de la deposición de dichos residuos en 
vertedero. No obstante, el coste de transporte de los residuos a la planta de tratamiento 
centralizado condiciona la aplicabilidad del proceso de digestión conjunta, por lo que la 
búsqueda de co-sustratos debe de centrarse en residuos generados en la misma área 
geográfica. 
5. Los estudios realizados muestran que es factible gestionar el extrusionado de fresa 
residual en digestores ya existentes que tratan el lodo excedente generado en plantas de 
tratamiento de aguas residuales urbanas mediante digestión anaerobia. Dicha co-digestión 
se ha propuesto para evitar los costes de implantación de una nueva instalación de 
biometanización. El tratamiento conjunto de ambos residuos ha mostrado una gran 
estabilidad debido, principalmente, a la elevada alcalinidad presente en el lodo a tratar 
(15.725 ± 195 mg CaCO3/kg) y la dilución de los inhibidores presentes en el lodo 
(principalmente metales). Además, la adición de extrusionado de fresa ha mejorado el 
rendimiento en metano y la biodegradabilidad respecto a la biometanización individual del 
lodo, obteniéndose valores de 176 NmL/g SV y 81 %, en SV, respectivamente. 
6. Mediante la aplicación de diversos pre-tratamientos se han obtenido mejoras 
significativas en los procesos de digestión anaerobia debido a la reducción de la 
concentración de compuestos inhibidores o al facilitar la hidrólisis de los residuos. En 
                                                                                                                   Conclusiones/Conclusions 
267 
 
concreto, los estudios realizados sobre pre-tratamientos han permitido obtener las 
siguientes conclusiones: 
6.1 El pre-tratamiento físico de cribado ha mejorado la biometanización del 
extrusionado de fresa residual al reducir su contenido en lignina, obteniéndose una 
mejora en la producción de metano de 36%.  
6.2 Se ha mejorado la eficiencia del proceso de digestión anaerobia del lodo de 
depuradora mediante la combinación de un pre-tratamiento térmico de éste (120ºC, 2 
atm, 15 min) y su co-digestión con extrusionado de fresa. De acuerdo a los resultados 
obtenidos, el incremento en la concentración de materia orgánica soluble obtenida 
mediante el pre-tratamiento térmico se ha traducido en un aumento en la producción de 
metano debido a la mayor disponibilidad de sustratos susceptibles de ser 
biodegradados. La producción de metano se ha incrementado desde 88 NmL/g SV, 
para el lodo sin tratar, hasta 237 NmL/g SV, mediante la co-digestión del lodo pre-
tratado con extrusionado de fresa (un incremento de 170 %). 
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The results obtained in this PhD Thesis reveal the importance of the adequate 
management of agro-industrial wastes, as well as the need of developing and 
improving some technologies, such as the anaerobic digestion, to recycle and 
valorize these types of waste.   
The viability of the biomethanization of agro-industrial waste (residual strawberry 
extrudate and canning fish waste) by anaerobic co-digestion has been 
demonstrated, and the following conclusions can be drawn: 
1. The mixing proportion between the substrates to be co-digested determines the 
occurrence of synergic or antagonistic effects. Within the mixing ratios between 
strawberry extrudate and fish waste, a synergy was observed for the ratio 88:12, in 
wet weight, of residual strawberry and fish, respectively, in terms of stability. The 
highest organic loads in the reactors (2.5 g VS/L) were reached at this ratio. On the 
other hand, the highest methane yield coefficient, 205 mLSTP/g VS, was reported 
for the ratio 94:6, whereas at 97:3 low methane yield was obtained (58 mLSTP/g 
VS). 
2. According to the results obtained, a centralized management system could 
operate with proportions of residual strawberry extrudate and fish waste within the 
range 88:12 - 94:6, in wet weight, respectively. Under these conditions, the system 
could absorb the variations in the generation flows of both wastes, which are 
generated in the same area.  
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3. The addition of residual glycerol, a readily digestible substrate, to the strawberry 
extrudate-fish waste mixture leads to significant improvement in the methane 
production (308 mLSTP/g VS). 
4. An economic assessment of the joint treatment of residual glycerol, strawberry 
extrudate and fish waste showed a net saving within the range 25.5 €/t - 42.1 €/t, in 
comparison with the cost of landfill disposal. Nevertheless, the cost of the transport 
of the wastes to the centralized treatment plant determines the applicability of the 
co-digestion process. Therefore, the selection of co-substrates should focus on 
wastes that are generated in a same geographical area. 
5. This research study shows that the management of residual strawberry extrudate 
by anaerobic co-digestion in digesters used to treat sewage sludge from urban 
wastewater treatment plants is feasible. The co-digestion process allows avoiding 
the implementation cost associated to a new installation for the treatment of 
strawberry extrudate. Moreover, the joint treatment of both wastes was stable due 
to the high alkalinity concentration (15,725  195 mg CaCO3/kg) and the dilution 
of the inhibitors contained in sewage sludge (heavy metals, mainly). Furthermore, 
the addition of strawberry extrudate enhanced the methane yield and 
biodegradability of the mixture in comparison to the individual biomethanization of 
sewage sludge (176 mLSTP/g VS and 81 %, respectively).  
6. A marked improvement in the efficiency of the anaerobic digestion was achieved 
after carrying out different pre-treatments. The improvement was a consequence of 
the reduction in the concentration of some inhibitory compounds or the effect of the 
pre-treatment on the hydrolysis of wastes. Specifically, the researches carried out 
regarding pre-treatments allow the following conclusions to be obtained: 
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6.1 The physical pre-treatment of sieving has improved the methane 
production yield up to 36%, as a consequence of the reduction of lignin 
content in strawberry extrudate. 
6.2 The efficiency of the anaerobic digestion of sewage sludge has been 
improved by the implementation of a thermal pre-treatment (120 ºC, 2 atm, 
15 min) and its co-digestion with strawberry extrudate. According to the 
results obtained, the increase in the concentration of soluble organic matter 
through the thermal pre-treatment leads to the improvement of the methane 
production due to the higher availability of biodegradable substrates. The 
methane yield coefficient increased from 88 mLSTP/g VS, for the sewage 
sludge without pre-treatment, to 237 mLSTP/g VS, which was obtained by 
co-digestion of pre-treated sludge and strawberry extrudate (an 
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